1. Introduction {#sec1}
===============

Vibrational spectroscopy methods have had a long tradition in the study of heme proteins and metalloporphyrins that range from the simple detection of a ligand vibration to the use of femtosecond spectroscopy for the elucidation of reaction processes. However, selection rules and/or a lack of selectivity can limit the utility of vibrational spectroscopy for the study of hemes and heme proteins, preventing the observation of many important vibrations. In this review we discuss how the application of the vibrational technique nuclear resonance vibrational spectroscopy (NRVS) circumvents these problems and moreover provides substantial additional information useful for understanding the molecular dynamics of systems containing an iron porphyrin or heme derivative. The studies detailed here, although restricted to systems containing a heme, provide a rather complete overview of the capability of NRVS applications that can be readily applied to other iron-containing materials. The technique is also sometimes called NRIXS (nuclear resonance inelastic X-ray scattering) or NIS (nuclear inelastic scattering).

NRVS is a synchrotron-based vibrational spectroscopy technique with unique selectivity for vibrations involving displacement of Mössbauer-active nuclei; these include ^83^Kr, ^119^Sn, ^157^Eu, ^161^Dy, ^121^Sb, ^125^Te, and ^57^Fe.^[@ref1]−[@ref14]^ To date, successful measurements utilize nuclear resonances with transition energies below 70 keV, because source intensity and detector efficiency both decrease with increasing photon energy and with excited state lifetimes longer than 0.6 ns, because of limited detector time resolution. The left panel of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} displays isotopes with nuclear resonances for which experimental capabilities currently exist, and NRVS measurements have been reported for those indicated by filled symbols. Because it meets these criteria as well as having a large absorption cross section, the 14.4125 keV resonance of ^57^Fe is especially favorable for NRVS, a fortunate circumstance given the widespread occurrence of iron compounds in both earth science and biological systems. There is a high incidence of iron-containing proteins, both with known and with unknown structures and functions. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} (right) displays relative abundances of metal ions that were assimilated by the proteome of the microbe *Pyrococcus furiosus*.^[@ref15]^

![NRVS measurements on hemes exploit a fortuitous coincidence: Iron plays a prominent role in cellular metalloproteins, and the nuclear properties of the ^57^Fe isotope are particularly favorable for NRVS. Experimental facilities have been developed at one or more synchrotron light sources to allow measurements of the nuclear resonances plotted on the left as a function of photon energy and excited state lifetime, with areas proportional to the absorption cross section. Circles filled in red (for ^57^Fe) or cyan indicate resonances for which NRVS measurements have been reported. Data obtained from refs ([@ref12]) and ([@ref14]). Relative abundance of metalloproteins containing metals other than iron and zinc is less than 3% in *P. furiosus*, one of a few microorganisms for which the metalloproteome is well characterized (data reported in ref ([@ref15])).](cr-2017-00295e_0001){#fig1}

The NRVS phenomenon results from a change in vibrational state coincident with excitation of the nucleus by an X-ray photon. This contrasts with the classical Mössbauer effect, which results from the absorption of a photon to excite the ground state nucleus to an excited nuclear state *without* a change in the vibrational state, thus achieving a recoil-free absorption of a photon with energy exactly equal to the energy difference between the nuclear ground state and the excited state. When the nucleus is in a bound state, the vibrational energy can only change by discrete amounts determined by normal mode frequencies. Under these circumstances, the absorption spectrum includes peaks displaced from the recoilless Mössbauer resonance by energies equal to the vibrational quanta. Although this phenomenon was predicted^[@ref16],[@ref17]^ shortly after the original Mössbauer report,^[@ref18]^ the practical observation of vibrationally shifted nuclear absorption required intense X-ray beams as described below. Materials containing the isotope ^57^Fe have yielded the majority of NRVS results to date, and of course, iron is at the center of hemes and heme proteins as well as many other biologically important centers. See, for example, the report by Cramer and co-workers on the hydride bridge in \[NiFe\]-hydrogenase for a significant nonheme NRVS result.^[@ref19]^

The iron NRVS experiment selectively yields the *complete* set of modes that involves motion of the iron atom. The method has a selectivity that is reminiscent of that of resonance Raman spectroscopy, but again note the significant advantage that NRVS is not subject to the electromagnetic selection rules of Raman or infrared spectroscopy. Indeed, NRVS provides the ultimate limit in selectivity because only the vibrational dynamics of the probe nucleus contribute to the observed signal. Importantly, the NRVS intensity is directly related to the magnitude and direction of the motion; hence, the method has a unique quantitative component in the measured vibrational spectrum.

2. NRVS Basics {#sec2}
==============

In this section we outline the basics of NRVS. We describe the instrumentation required, sample essentials and data collection, analysis, and a brief outline of the vibrational dynamics of iron in the porphyrin plane.

2.1. Experimental Issues---Instrumentation {#sec2.1}
------------------------------------------

Specialized synchrotron beamlines and end station instrumentation are required to carry out NRVS studies, with a tunable ultra-high-resolution monochromator providing an extremely narrow X-ray beam with energy resolution on the order of 1 meV or 7--8 cm^--1^. There are now four sites available for use located at APS (Argonne National Lab, Chicago, IL, USA), Petra III (Hamburg, Germany), SPring8 (Riken, Japan), and ESRF (Grenoble, France). All are user facilities available for use by the general scientific community. A nuclear resonance program including NRVS is also proposed for the new synchrotron facility to be constructed near Beijing.

In addition to the ultra-high-resolution monochromator, other operational requirements include appropriate timing electronics to discriminate the prompt elastic scattering signal (∼10^7^ times larger than the NRVS signals) from the desired nuclear resonance signals, which arrive at delays distributed throughout the lifetime of the nuclear excited state (141 ns for ^57^Fe). The basic experimental setup is depicted schematically in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In that diagram, the X-ray pulses are separated by 150 ns with a peak width of less than 150 ps that are characteristic of the standard timing mode at the APS ring. Further details on instrumentation can be found in two earlier reviews.^[@ref20],[@ref21]^

![Schematic diagram illustrating the experimental setup for the NRVS experiment including the high-resolution monochromator. Synchrotron beam is run in pulse mode, and avalanche photodiode, APD, is disabled during the X-ray pulse (shown bottom left) in order to gate out elastically scattered 14.4 keV photons, so that only delayed photons corresponding to nuclear absorption are detected. Lateral APD detectors measure nuclear absorption, including the vibrational signal, by detecting 6.4 and 14.4 keV fluorescence emitted by excited ^57^Fe nuclei, while the coherent forward-scattered 14.4 keV photons reaching the second APD provide a real-time measure of the experimental resolution function. Photo at the left is the Advanced Photon Source at Argonne National Lab. Photo courtesy of Argonne National Laboratory.](cr-2017-00295e_0002){#fig2}

2.2. Experimental Issues---Samples and Data Collection {#sec2.2}
------------------------------------------------------

Experimental samples can be either oriented (crystalline) or unoriented (powders or solution). The NRVS signal selectively derives from the Mössbauer active nucleus ^57^Fe, and samples are generally enriched to about 95% ^57^Fe (2.14% natural abundance) to provide an adequate signal. The ^57^Fe labeling necessity conveniently allows for the possibility of site selection in a multi-iron sample. The maximum utilized sample size is constrained by the size of the incident beam arriving from the monochromator and will be somewhat dependent on the measurement site; however, smaller sample sizes at all lines have become the norm. For optimal signal, randomly oriented samples are measured at grazing incidence in a channel wider than the beam width and long enough to utilize the full detector area. Typical sample volumes are currently 20 μL at the APS. The crystal size for single-crystal measurements is now at the size required for normal X-ray diffraction studies, ideally about 0.3 mm on a side.

Since the NRVS measurement is a bulk measurement, it is highly desirable that the sample be pure, because unknown molecular populations confound the quantitative extraction of atomic displacements, which is a unique feature of NRVS.^[@ref22]^ Typically, the measurement is from −20 to −40 meV below the resonance energy to from 80 to 100 meV above the resonant energy and is dependent on the particular sample being analyzed. The energy sampling interval, typically 0.25 meV, needs to be smaller than the resolution of the monochromator, 1.0 meV. With a measuring time of 5 s per step, a full energy scan requires a bit less than 1 h. Several scans are typically measured and added, with the measurement time for a small molecule taking as little as 2--3 h, whereas a protein sample requires 1 day or more. Subtraction of the resolution function, as measured from the resonant forward scattering, yields the pure vibrational component of the signal.

As our experimental and spectral analysis experience developed, the importance of oriented single-crystal measurements became more evident. Whereas a powder measurement does include a signal for every Fe vibrational mode, this richness of information will likely include many overlapped peaks. Improved resolution and identification of the peaks can be obtained through the use of oriented single-crystal measurements that require specific crystallographic conditions described below. The power of oriented single-crystal measurements comes from the fact that NRVS intensity is proportional to the mean square displacement of iron motion along the direction of the exciting incident X-ray beam. Thus, if a crystal of a porphyrin derivative can be oriented so that all porphyrin planes are perpendicular to the beam, only modes in which there is nonzero iron motion projected on the heme normal will have intensity. Consequently, the out-of-plane modes will be clearly defined. A second measurement with the heme normal perpendicular to the X-ray beam will capture in-plane modes. However, since the exciting beam is typically at some arbitrary position in the porphyrin plane(s) not all peaks will be at their maximum intensity. Indeed, there is the possibility that a peak might be entirely missing. This problem will be minimized by comparison with a powder spectrum. We have termed this in-plane measurement as the generalized in-plane measurement.

Maximum information can be obtained in the case of solid-state derivatives crystallizing in the triclinic crystal system. In that crystal system two properly chosen orthogonal in-plane measurements will capture all in-plane intensity. We have termed this in-plane measurement as the special in-plane measurement. When such measurements have been made, the beam directions chosen are usually parallel and perpendicular to an axial ligand plane and thus provide additional information on the bonding effects of the axial ligand.

2.3. Experimental Issues---Data Analysis {#sec2.3}
----------------------------------------

Complete details of the analysis of NRVS data within the harmonic approximation have been given in refs ([@ref21]) and ([@ref23]). This ultimately provides a partial vibrational density of states (VDOS) specific for the probe nucleus. Briefly, the measured signal can be normalized using the sum rules according to Lipkin.^[@ref24]^ The program PHOENIX^[@ref25]^ is used to calculate of the VDOS from the resulting excitation probability. The program requires the summed sample data and the experimental resolution function appropriate to the measured spectrum and estimates of the sample temperature and background. The resolution function must be subtracted from summed sample data. The sample temperature is usually iterated to obtain a Boltzmann fit to the intensity of a feature observed at both positive and negative frequencies and should be more accurate than the probe temperature.

The peak areas in the output VDOS quantitatively provides the mode composition factor *e*~Fe~^2^. The physical significance of *e*~Fe~^2^ for any mode is that it gives the fraction of the kinetic energy associated with the motion of the iron in the mode and that it is proportional to the contribution of the mode to the mean square displacement of the iron atom. The experiment thus provides quantitative information in both frequency and amplitudes of the Fe, which can be compared with predicted values, particularly from DFT calculations.

2.4. General Experimental Results {#sec2.4}
---------------------------------

The NRVS experiment provides a signal for every mode in which there is motion of the iron; all other modes are silent. Thus, the very selective NRVS signal is richer in details about the iron target center than that obtained from either IR or resonance Raman spectroscopy. Accompanying this obvious signal enhancement is a substantial challenge. The challenge is the necessity of making detailed vibrational assignments, the difficulty of which is exacerbated by significant mode mixing. Unlike the vibrations typically used for defining ligand binding, such as a carbonyl stretch, the modes involving iron are found at much lower frequencies and consequently are mixed with porphyrin ligand modes.

Spectra from heme samples typically encompass three main categories with all frequencies usually occurring below ∼600 cm^--1^. The highest frequency modes are typically the vibrational modes involving iron and the axial ligands (above about 400 cm^--1^), the midrange modes are primarily in plane, and the lowest frequency modes (below about 200 cm^--1^) are principally out-of-plane modes including the difficult to observe doming mode. The lowest frequency modes, typically broad and below about 50 cm^--1^, are phonon modes resulting from heme translation in the solid. Although this division is typically found (especially for those systems with the diatomic ligands), spectral overlaps are frequent possibilities that must be resolved in order to provide detailed assignments. Additional weak multiquantum features contribute to the unprocessed experimental data^[@ref26]^ but are removed in the process of extracting the VDOS.

2.5. Spectral Analysis Procedures---Mode Assignment {#sec2.5}
---------------------------------------------------

A crucial challenge is the assignment of the iron mode for each observed frequency in the iron partial VDOS. Although the use of isotope labeling has real value, the utility of labeling is usually limited to a subset of the spectral features and that does not necessarily include all biologically important modes, especially low-frequency modes. Is there a global approach to the assignment of all observed modes in the NRVS spectrum?

In principle, a complete set of calculated mode assignments can be obtained either by an empirical approach (normal mode or coordinate analysis) or by de novo calculations (density functional theory). Empirical normal mode calculations are intrinsically underdetermined; however, two features of NRVS data do provide constraints in the fitting of the spectra and provide some confidence in the reliability of the final results. An important feature of NRVS data is that not only are all frequencies of the iron modes observed but also that the iron amplitudes of each mode are known quantitatively. Single-crystal measurements allow the unambiguous identification of many modes as having either in-plane or out-of-plane character. The approach is the application of normal mode calculations with adjustment of the force field to achieve better fits of the observed VDOS from the NRVS measurement. Normal mode calculations for \[Fe(TPP)(NO)\]^[@ref27]^ were obtained by refining a starting set of Wilson-type force fields^[@ref28]^ based on earlier work of Li et al.^[@ref29]^ and Rush et al.^[@ref30]^ The procedure has been described in more detail in ref ([@ref27]).

This study clearly demonstrated that the modes observed are mixed and, perhaps surprisingly, that the peripheral substituents have substantial effects on the spectra particularly in the midrange (in-plane) modes. However, this calculation suggested a mode assignment with major contributions from the FeNO bend that later work demonstrated was mostly a porphyrin mode. Additional analyses were obtained for a five-coordinate high-spin iron(II) complex, \[Fe(TPP)(2-MeHIm)\], which gave an assignment for the Fe--N(Im) stretch.^[@ref31]^ Assignments were also made for the six-coordinate derivative \[Fe(TPP)(1-MeIm)(CO)\], particularly for the Fe--N(Im) stretch that is not observable in resonance Raman spectroscopy.^[@ref32]^ Normal mode analysis of the powder NRVS data of four-coordinate \[Fe(OEP)\] stressed the importance of utilizing the true point group symmetry rather than an idealized higher symmetry as the iron normal modes showed sensitivity to structural details.^[@ref33]^

Nonetheless, the method is intrinsically underdetermined even when intermolecular interactions are considered,^[@ref34]^ and the possibility of misassignments remains a concern. The complexes described above have been followed up with additional studies with DFT predictions and are considered in the appropriate subsequent sections.

We believe that the better answer to this assignment challenge has been met by a combination of theoretical and experimental approaches. The theoretical aspect of the analysis is the use of DFT calculations to predict both the nature and the intensity of the observed spectral features. However, the experience with DFT predictions shows that caution must be used in its application. The complete molecule must be used in the calculations, many features of the vibrational spectrum are strongly dependent on the peripheral groups of the porphyrin. The quality of the predictions are often found to depend crucially on the functional chosen for the calculation.^[@ref35]^ Unlike predictions for the energy-minimized structure, which seem much less dependent on the computational details for satisfactory predictions of the experimental results, spectroscopic predictions are much more dependent on the computational details. The most successful approach for a complete assignment of the vibrational spectrum obtained from a NRVS experiment appears to a semiempirical one in which the choice of DFT functional is guided by the experimental results. Experimental single-crystal measurements are of particular utility since these provide information on both the intensity and the character, unlike powder measurements which provide information on intensity alone. The single-crystal measurement is especially powerful because the intensity of the NRVS signal is proportional to the projection of iron motion on the exciting X-ray beam. Thus, careful mounting and orientation using an (offline) diffractometer allows the in-plane and out-of-plane modes to be readily distinguished by a 90° goniometer rotation and provides substantial constraints on the theoretical predictions. This combined approach of calculations and experimental single-crystal measurements are emphasized in many of the results described below. Predicted frequencies for the out-of-plane modes involving the diatomic axial ligand(s) sometimes exhibit considerable variation with computational details such as the functional chosen for a DFT calculation; less difficulty is experienced for the in-plane modes.

2.6. Vibrational Dynamics of Fe in the Porphyrin Core {#sec2.6}
-----------------------------------------------------

Porphyrin vibrations are commonly described using the nomenclature originally established^[@ref36]^ for the vibrational normal modes of nickel porphine \[Ni(P)\] and later adapted for \[Fe(P)\].^[@ref37]^ The porphine molecule has *D*~4*h*~ symmetry, and Fe motion contributes only to a few modes of \[Fe(P)\] having either *E*~*u*~ or *A*~2*u*~ symmetry. [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} illustrate these normal modes.

![ν~50~ (top) and ν~53~ (bottom) modes of *E*~*u*~ symmetry comprise the predicted vibrational dynamics of iron parallel to the porphyrin plane for the ground state of \[Fe(P)\]. In this and subsequent figures, each arrow is 100(m~*j*~/*m*~Fe~)^1/2^ times longer than the zero-point vibrational amplitude of atom *j*. This and all subsequent illustrations of vibrational modes were rendered with the program MOLEKEL.^[@ref39]^](cr-2017-00295e_0003){#fig3}

![From top to bottom, respectively, γ~9~, γ~6~, and γ~7~ modes predicted for the ground state of \[Fe(P)\].](cr-2017-00295e_0004){#fig4}

In particular, two degenerate pairs of *E*~*u*~ modes, ν~50~ and ν~53~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), dominate Fe dynamics parallel to the porphine plane. The ν~53~ modes involve concerted stretching/compression of the Fe--N(pyrrole) bonds, coupled to rotation of the pyrrole rings in the plane to follow the motion of the iron. The same motions contribute to the ν~50~ modes, except that the relative phase has reversed. Notice that the Fe does not move in the ν~8~ mode (of *A*~1*g*~ symmetry), which involves in-phase stretching of all four Fe--N(pyrrole) bonds, and thus, this mode does not contribute to the NRVS signal, although it is often observed in resonance Raman.

Three *A*~2*u*~ modes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) involve significant Fe motion perpendicular to the plane of the heme. γ~9~ is a "doming"\' mode, where the four pyrrole rings swivel about the methine bridges to track the displacement of the Fe from the mean plane of the molecule. Reversal of the relative phase of the Fe and ligand motions characterizes the higher frequency γ~6~ mode, which has sometimes been described as "inverse doming".^[@ref37]^ Out-of-plane displacement of the methine hydrogens characterizes a third A~2*u*~ mode, γ~7~, which involves minimal Fe motion for \[Fe(P)\], but can become relevant in more complex porphyrins.

To what extent do these porphine core vibrations remain useful descriptions for the vibrational dynamics of more complex porphyrins, where the addition of axial ligands and side chains reduces molecular symmetry and introduces additional vibrational degrees of freedom? We explored this question using NRVS measurements on a series of porphyrin halides, supported by quantitative projection of calculated normal modes onto the vibrational basis of the simpler \[Fe(P)\] molecule.^[@ref38]^

Vibrational measurements on a series of porphyrin halides, supported by vibrational projection of calculations onto the simpler porphine molecule, explored the contribution of these porphine core vibrations to Fe dynamics. The results reveal that the character of these vibrational modes persists in the less symmetric molecules.

Binding of a monatomic halide ligand (L = Cl, Br) reduces the molecular symmetry to *C*~4*v*~. Inspection of the vibrations predicted by DFT calculations shows that the additional degree of freedom corresponding to halide translation blends with the γ~6~ and γ~7~ modes to produce the Fe--L stretching mode, a pattern that recurs in more complex porphyrins. A large observed frequency shift clearly identifies the Fe--Cl and Fe--Br stretching vibrations in the experimental VDOS of \[Fe(P)(Cl)\] and \[Fe(P)(Br)\] (See [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The doming mode (γ~9~) is very broad, perhaps because of vibrational coupling with other molecules in the crystal. This effect as well as low-frequency acoustic lattice vibrations are not captured by the calculations, which are performed on an isolated molecule. The dominant in-plane contribution is ν~53~, observed at 260 cm^--1^ in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Secondary contributions to the in-plane vibrational dynamics of the Fe result not only from ν~50~ but also from γ~23~, which couples with the ν~53~ modes, because of the reduced *C*~4*v*~ symmetry of the halide complexes.

![Experimental vibrational densities of states for \[Fe(P)(Cl)\] and \[Fe(P)(Br)\].](cr-2017-00295e_0005){#fig5}

The presence of side chains in more complex porphyrins further reduces molecular symmetry and introduces additional vibrational degrees of freedom.^[@ref38]^ As might be expected, the frequency of γ~9~ is sensitive to the nature of the side chains, while other effects turn out to be difficult to anticipate. On one hand, \[Fe(OEP)(Cl)\] exhibits a broad feature extending from 220 to 300 cm^--1^, and correlation analysis of the vibrational calculations indicates multiple unresolved vibrations in this region that overlap with the ν~53~ vibration of \[Fe(P)(Cl)\]. In fortuitous contrast, a relatively sharp feature attributable to ν~53~ dominates the in-plane contribution to the VDOS of \[Fe(PPIX)(Cl)\], the porphyrin which holds the greatest biological relevance, and the ν~50~ contribution is unexpectedly suppressed. The experimental Fe--Cl stretching band varies little among \[Fe(P)(Cl)\], \[Fe(OEP)(Cl)\], and \[Fe(PPIX)(Cl)\], although calculations again suggest unresolved complexity for \[Fe(OEP)(Cl)\].

In spite of structural variations in complex porphyrins, fundamental vibrations of the porphyrin core recur repeatedly in all of the porphyrins studied to date. The Fe--N~p~ vibrations ν~53~ and ν~50~ form the main contribution to the in-plane vibrational dynamics of the Fe, while some mixture of γ~6~ and γ~7~ contributes to the stretching of the bond to the axial ligand, and lower frequency Fe vibrations have doming (γ~9~) character. The frequencies of these vibrations probe structural variations as well among the porphyrins investigated as well as the effects of axial ligands.

3. Diatomic Ligand Systems {#sec3}
==========================

A substantial portion of the heme NRVS effort has been the characterization of hemes or heme proteins with the three biologically significant gases O~2~, NO, and CO. The cyanide anion, CN^--^, is also included in this group of diatomic ligands. The biological function of O~2~ in aerobic life is evident, but other diatomic molecules are also substantial actors in biological sensing. Although there are substantial differences in the affinity of diatomics for free heme, most notably the 2 × 10^4^ greater affinity of CO compared to O~2~ for free heme, heme proteins have evolved mechanisms for selective binding of a specific diatomic in the presence of another, an essential component of sensing. These NRVS studies have both clarified and provided new information concerning the nature of their vibrational dynamics.

3.1. Carbonyl (CO) Species {#sec3.1}
--------------------------

The coordination of carbon monoxide (CO) and an analysis of the vibrational spectra has often been used as a probe for heme proteins.^[@ref40]−[@ref45]^ It has long been recognized that the FeCO vibrational signals are a sensitive probe of ligands trans to CO and the electrostatic landscape of the distal pocket of heme proteins. The HOMOs of heme carbonyls are π bonding for the Fe--C bond and π antibonding for the C--O bond. Thus, any effect including environmental effects that change the π electron density will strengthen the Fe--C bond and weaken the C--O bond or vice versa.^[@ref46]^ This bonding feature leads to the well-exploited monitoring of the bond strengths via changes in the ν(Fe--C) and ν(C--O) stretches. Plots of νFe--C vs νC--O show a linear relationship for all species with the same or similar ligand trans ligand, which is often called the backbonding correlation. There are distinct differences in these ν(Fe--C) vs ν(C--O) plots, so that imidazole (histidine) trans ligation is readily distinguished from trans thiolate (cysteinate) and imidazolate, tyrosinates, and also hemes with a solvent molecule trans to the CO. Hydrogen bonding to the distal carbonyl effects are apparent in these plots with proteins having strong hydrogen bonding to CO in the distal pocket being placed at the left (highest values of ν(Fe--C) and lowest value of ν(C--O)). Vibrational frequencies thus probe local electrostatic properties, which are crucial for stabilizing O~2~ binding.

The quantum yield for photodissociation of CO from heme proteins is higher than that for other diatomic ligands,^[@ref48]^ and flash photolysis studies of carbonyls have been essential tools in the study of heme protein dynamics including the investigation of ligand dissociation^[@ref49]−[@ref51]^ and the migration of CO through the protein interior.^[@ref52]−[@ref55]^

Mammalian heme oxygenase,^[@ref56]^ which oxidizes an iron porphyrin to biliverdin and releases iron and CO, is important not only in heme catabolism but also in iron homeostasis, cellular signaling,^[@ref57]^ and O~2~ sensing.^[@ref58]^ The CO released also competes with the O~2~ binding site of myoglobin and hemoglobin, and mechanisms for the selective binding of O~2~ have evolved to avoid CO poisoning.^[@ref59]^ The sensing activity of CO in activating soluble guanylate cyclase,^[@ref60],[@ref61]^ control of circadian rhythms,^[@ref62],[@ref63]^ and bacterial signaling^[@ref64]−[@ref66]^ have further raised interest in the characterization of heme carbonyls.

These varied activities of heme carbonyls and vibrational spectroscopy demand that the vibrational spectra of their complexes be understood in detail, and we have applied NRVS to the task.

### 3.1.1. NRVS of Six-Coordinate CO Species {#sec3.1.1}

NRVS spectra have been measured for four distinct six-coordinate carbonyl derivatives of the form \[Fe(Porph)(R-Im)(CO)\].^[@ref67]^ Powder data have been recorded for \[Fe(TPP)(1-MeIm)(CO)\], \[Fe(TPP)(1-PhIm)(CO)\], \[Fe(TPP)(1,2-DiMeIm)(CO)\], and \[Fe(OEP)(1-MeIm)(CO)\]. In addition, an oriented crystal, general in-plane measurement was made for \[Fe(TPP)(1,2-DiMeIm)(CO)\], and both a general in-plane and an out-of-plane measurement was made for \[Fe(TPP)(1-MeIm)(CO)\]. The powder data quickly allowed the assignment of the Fe--CO stretch with values of 507 (1-MeIm), 506 (1,2-DiMeIm), 502 (1-PhIm), and 499/513 cm^--1^ (OEP, 1-MeIm) with no significant imidazole dependence. The out-of-plane measurements for \[Fe(TPP)(1-MeIm)(CO)\] showed no signals at observed frequencies of 561 and 587 cm^--1^, which are the two Fe--C--O bending modes. However, the large splitting in the two peaks is likely not the result of lifting of the degeneracy by the trans, planar 1-methylimidazole. Rather the DFT predictions suggest the splitting is the result of porphyrin ligand modes mixing with the two bands. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} illustrates the predicted character of the two bands. The mixing of the FeCO bend and porphyrin modes and the importance of peripheral substituents in \[Fe(TPP)(1-MeIm)(CO)\] is further supported by the observation that only a single unresolved pair of bands at 580 cm^--1^ is observed in \[Fe(OEP)(1-MeIm)(CO)\]. The NRVS spectrum for MbCO has also been measured,^[@ref67]^ and the Fe--CO stretch is found at 502 cm^--1^and the Fe--C--O bend at 572 cm^--1^ similar to those above.

![Predicted vibrational character of the in-plane modes for the FeCO fragment in \[Fe(TPP)(1-MeIm)(CO)\] with frequencies 560 (left) and 580 cm^--1^ (right) and observed at 569 and 586 cm^--1^. Relative phase of the FeCO bending and porphyrin motions reverses between the 560 and 580 the cm^--1^ modes. Illustration prepared using calculations originally reported in ref ([@ref67]).](cr-2017-00295e_0006){#fig6}

Ohta et al.^[@ref69]^ also made NRVS measurements for an imidazole tailed, tetraaryl carbonyl derivative where the measured frequency for ν(Fe--C) was 470 cm^--1^ and the FeCO bending mode was found at 570 cm^--1^. The likely doming mode is at 110 cm^--1^. The in-plane motion pattern is similar to the other six-coordinate species. These NRVS measurements were made on a frozen solution, so no directional information was directly available.

The DFT calculations for the in-plane region of the spectrum (300--350 cm^--1^) for \[Fe(TPP)(1-MeIm)(CO)\] predicts the character of the Fe--N~p~ stretches and predicts four bands at 318, 321, 323, and 329 cm^--1^, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. In addition, DFT predicts the appearance of an out-of-plane mode at 320 cm^--1^, which is overlapped with the in-plane modes. This peak is in fact observed at 331 cm^--1^ in the experimental out-of-plane spectrum of \[Fe(TPP)(1-MeIm)(CO)\]. The confirmation of this peak is only possible because of the measurement of oriented single-crystal spectra. The predicted character of this mode is the perpendicular movement of the FeCO group against the rest of the molecule. As will be further commented on the NO section, there are effects on the observed peaks in this region that are dependent on the peripheral substituents. There are also modest differences depending on the imidazole. Additional in-plane peaks are observed at 242 and 251, 413, and 466 cm^--1^.

![Predicted in-plane vibrational modes of \[Fe(TPP)(1-MeIm) (CO)\] with frequencies 318 (left) and 329 cm^--1^ (right), as viewed looking from the CO to the imidazole. Note the direction of iron motion toward a porphyrin nitrogen atom. Porphyrin component of motion corresponds to γ~6~. Illustration prepared using DFT calculations originally reported in ref ([@ref67]).](cr-2017-00295e_0007){#fig7}

The NRVS capability of observing all vibrations of iron with iron motion means that the spectra should provide information concerning the Fe--N(Im) stretch in six-coordinate heme derivatives, which are unavailable from resonance Raman. The predicted frequencies with substantial simultaneous motion of iron and imidazole do not conform to a simple two-body problem. Experimental data are nonetheless available. The out-of-plane bands observed in \[Fe(TPP)(1-MeIm)(CO)\] at 172, 225, and 330 cm^--1^ are found at slightly lower frequencies in the powder spectra for \[Fe(TPP)(1,2-DiMeIm)(CO)\].^[@ref67]^ These data are consistent with the small differences (∼0.05 Å) in the Fe--N(Im) bond distances in the two derivatives.^[@ref47]^ Accordingly, the peak at 225 cm^--1^ is most likely the Fe--N(Im) stretch and the 172 cm^--1^ band the Fe--N(Im) bend. These important observations will also be significant for other six-coordinate diatomic species to be discussed subsequently.

Low-frequency vibrational modes (below ∼200 cm^--1^) are observationally challenging, but NRVS is the most satisfactory experimental method. Low-frequency modes of particular interest in heme complexes includes observation of the doming mode. The doming mode can be described as the perpendicular motion of iron relative to the heme plane with the four pyrrole groups swiveling to follow the iron. Such doming motion is an important component of the association/dissociation of diatomic ligands including Perutz's early model for hemoglobin cooperativity^[@ref70]^ and in models for protein control of reactions of heme proteins.^[@ref71]−[@ref73]^ For \[Fe(TPP)(1-MeIm)(CO)\], two out-of-plane features at 64 and 127 cm^--1^ were considered likely candidates for doming mode motion, although the DFT calculations had predicted a single frequency at 96 cm^--1^.

Finally, we return to the issue of the Fe--C--O bending modes. A long-standing discussion in heme carbonyl structures has been the issue of the FeCO group not being linear but somehow "bent" from the normal to the heme plane, whereas small molecule species had linear Fe--C--O groups. This arises from the apparent deformability of the FeCO unit seen in several protein matrices. An interesting calculation by Ghosh and Bocian^[@ref74]^ suggested a way out of this impasse. Their theoretical calculations suggested that the Fe--C--O bend and the Fe--CO tilt, which is a very low energy mode, are strongly coupled and allow for energetically accessible distortions. A later calculation by Kozlowski et al.^[@ref75]^ detailed some possible limits to these geometrical distortions and the energies needed for the distortions.

The resulting mixing should lead to an out-of-phase combination observed at high frequency and predicted to be at somewhat higher frequencies than that expected without the tilt/bend mixing, i.e., near 580 cm^--1^ and an in-phase mode at very low frequency at about 80 cm^--1^. The high-frequency mode as observed at 561 and 587 cm^--1^ is in agreement with the prediction. Unfortunately, the low-frequency modes are predicted by DFT to involve negligible iron motion and indeed cannot be conclusively observed in the NRVS experimental spectrum.^[@ref67]^ As described in ref ([@ref67]), simple three-body predictions would predict higher intensity than observed for the in-phase mode and suggest the need for an improved description of the system and the energetics of the FeCO distortion.

### 3.1.2. NRVS of a Five-Coordinate CO Species {#sec3.1.2}

The synthesis of five-coordinate heme carbonyl derivatives (i.e., no trans ligand) in order to obtain vibrational spectra of a bona fide five-coordinate CO complex is more challenging than many believe. The reaction of CO with a four-coordinate iron(II) porphyrin leads, in solution, to a mixture of the CO complexes \[Fe(Porph)(CO)\] and \[Fe(Porph)(CO)~2~\].^[@ref76]−[@ref78]^ Rougee and Brault^[@ref76]^ also showed that a number of weak ligands including DMF, H~2~O, and ethyl acetate would coordinate trans to the primary CO. Although the binding constants for these ligands are small, they are not negligible, especially in dilute solution.

The NRVS spectra obtained for crystalline \[Fe(OEP)(CO)\]^[@ref79]^ ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, top) are the first vibrational data obtained for a crystallographically verified five-coordinate heme carbonyl.^[@ref80]^ Oriented single-crystal data, an out-of-plane and a generalized in-plane measurement, uniquely identified the Fe--CO stretch at 573 cm^--1^ and the Fe--C--O bend at 505 cm^--1^. DFT calculations for \[Fe(OEP)(CO)\] also agree with these assignments. The 573 cm^--1^ band establishes a new upper limit for the Fe--CO stretch. Most significantly, that the Fe--CO stretch is well above the frequency for the Fe--C--O bend provides a unique vibrational signature for five-coordinate heme carbonyls. This *reversal* of stretch and bend, with the stretch at a significantly higher frequency than any previously observed, is to be contrasted with all data for six-coordinate carbonyl species where the frequency of the stretch is significantly below that of the bending frequency. The six-coordinate carbonyl pattern is well established by the NRVS data cited above as well as many other vibrational studies. A comparison of the spectra and predictions of five-coordinate \[Fe(OEP)(CO)\] and six-coordinate \[Fe(OEP)(1-MeIm)(CO)\] is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}.

![Experimental and calculated NRVS vibrational density of states (VDOS) for the Fe atom in \[Fe(OEP)(CO)\] and \[Fe(OEP)(1-MeIm)(CO)\] versus wavenumber shift. Top two panels are for \[Fe(OEP)(CO)\], with the first panel showing the experimental NRVS measurements on an oriented single crystal. Measurements yield the directional contributions to the Fe VDOS to a polycrystalline powder. Calculated VDOS for parallel (red), perpendicular (blue), and powder (black) are shown in the second panel. Experimentally derived VDOS for powdered \[Fe(OEP)(1-MeIm)(CO)\] is shown in the third panel with the predicted oriented VDOS from DFT calculations, revealing the ν(Fe--C) frequency below that of δ(FeCO). Reprinted with permission from ref ([@ref79]). Copyright 2014 American Chemical Society.](cr-2017-00295e_0008){#fig8}

The substantially higher stretch frequency compared to all heme carbonyls known to us is consistent with the substantially shorter Fe--C bond distance in five-coordinate \[Fe(OEP)(CO)\].^[@ref80]^ The Fe--C(CO) values found (two derivatives) are 1.714 and 1.708 Å, compared to values at ∼1.76 Å for various six-coordinate heme carbonyls.^[@ref81]^ The C--O stretching frequencies observed by FTIR is 1644 or 1648 cm^--1^, midway in the range of values observed in six-coordinate species, and the C--O bond distances are in the normal range. Plotting νFe--C vs νC--O for \[Fe(OEP(CO)\] on the traditional backbonding plot would clearly lead to points that are well above the points for any of the known species reported thus far.^[@ref40]^ This clearly is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} depicting the standard backbonding correlation with several sets of ligands trans to CO. The data for \[Fe(OEP)(CO)\] are shown as the solid red star.

![Backbonding correlation plot showing the vibrational signature of \[Fe(OEP)(CO)\] (solid red star), with its uniquely high experimental νFe--C frequency. Open round (green, anionic), square (magenta, neutral), and triangular (blue, trans-O-bound) points were taken from ref ([@ref82]) and represent various porphyrins and proteins. Diamond (violet, trans-Tyr) points are Tyr-liganded proteins.^[@ref45],[@ref85]^ Inset in the upper left shows the correlation lines based on experimental data. "5-c" line is expected for six-coordinate species with trans H~2~O ligands (see ref ([@ref79])). Open star-shaped points give predicted (DFT) νFe--C and νC--O frequencies for the indicated trans ligand.^[@ref79]^ Frequencies were scaled to those of \[Fe(OEP)(CO)\]. Reprinted with permission from ref ([@ref79]). Copyright 2014 American Chemical Society.](cr-2017-00295e_0009){#fig9}

How have attempts to form spectroscopic samples of five-coordinate CO complexes been carried out previously? Synthetic procedures used involved aqueous dithionite to provide an iron(II) species followed by reaction with CO; hence, the possible presence of a water ligand trans to the CO cannot be eliminated. The success of such a synthetic strategy to provide a complex with no trans ligand is likely to be porphyrin ligand dependent.

Experiments by Rougee and Brault have shown that the six-coordinate species with trans water is a viable species.^[@ref76]^ Resonance Raman spectra of a series of tetraarylporphyrin derivatives prepared in this fashion gave Fe--C stretching frequencies in the 500--530 cm^--1^ region with most between 520 and 530 cm^--1^.^[@ref82]^ These values along with the observed C--O stretches, put these species on a distinct correlation line above those observed for imidazole derivatives and those for thiolate-ligated species. These are shown as the blue open triangles on [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. Other carbonyl species on this new correlation line includes cytochrome *c* oxidase,^[@ref83]^ heme catalases,^[@ref84]^ and a number of bacterial heme trafficking proteins with tyrosine as the proximal ligand.^[@ref45],[@ref85]^ Also along this line is an effector-activated CO form of soluble guanylyl cyclase; binding the effect leads to a +33 cm^--1^ increase in νFe--C and a 12 cm^--1^ decrease in νC--O relative to the native protein. Positions on this line have been associated as diagnostic of five coordination or a distally compressed heme carbonyl.^[@ref40],[@ref86]^ The effector-induced activity of soluble guanylyl cyclase has been concluded to be five coordinate. Observe, however, that this correlation line falls between νFe--C of a known five-coordinate carbonyl and the lower two correlation lines (for imidazole- and thiolate-ligated heme carbonyls). We believe that the species along this new correlation line are more probably six coordinate with a weak-field trans ligand consistent with our observations and calculations described below.^[@ref87]^

The NRVS spectrum of an \[Fe(TMP)\] carbonyl complex prepared by the aqueous dithionite reduction procedure^[@ref69]^ displayed four peaks above 500 cm^--1^: peaks at 505, 520, 550, and 580 cm^--1^. Since the measurement was made on a frozen solution, no directional information is available. Ohta et al.^[@ref69]^ assigned the 550 and 520 cm^--1^ peaks as the Fe--C stretch and bend, respectively. However, the presence of four significant peaks in this region suggests that two distinct species are in the frozen solution. Unfortunately, the frequencies of the C--O stretch were not reported, which could verify two CO species. We think that all four frequencies need to be assigned. Although any assignment will be ambiguous, we think that these frequencies match those expected for six-coordinate \[Fe(TMP)(H~2~O)(CO)\] (520 and 550 cm^--1^, stretch and bend) and five-coordinate \[Fe(TMP)(CO)\] (580 and 505 cm^--1^, stretch and bend). Any other possible combination of frequency pairs seems less likely.

We further explored the relationship between the trans ligand field and the frequency with a series of DFT calculations for model \[Fe(OP)(L)(CO)\] complexes, where P is porphine and L is one of a series of ligands of varying ligand field strength. Vibrational predictions for five-coordinate CO complexes, including \[Fe(OEP)(CO)\], shows that the reversal of the frequencies of the stretching and bending frequencies vis-a-vis six-coordinate species is expected.^[@ref79]^ Calculations by Ohta et al. also found that this reversal is to be expected.^[@ref69]^ These calculations showed that only extremely weak-field ligands (all much weaker than H~2~O) displayed the stretch and bend reversal.^[@ref79]^ The reversal is also correlated with the displacement of iron from the porphyrin mean plane toward CO. Displacements of iron greater than ∼0.18 Å, which depends on the trans ligand (and field strength), lead to the reversal. Results from theses calculations are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} as the open stars.

Other modes observed for \[Fe(OEP)(CO)\] include an out-of-plane peak at ∼157 cm^--1^, which is the likely doming mode. This is observed at higher frequency than that for the six-coordinate species as might be expected. The in-plane vibrational region for the six- and five-coordinate species is similar, consistent with a low-spin state for all. See [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}.

In conclusion, NRVS spectroscopy has shown that there are thus two distinct features for any five-coordinate CO derivative that must be seen to confirm any five-coordinate derivative. First is the reversal of the frequencies of the stretch and bend compared to six-coordinate species. Second will be the high value of the Fe--C stretch with the position on the backbonding correlation plot higher than those of the various six-coordinate species. As we stated elsewhere,^[@ref79]^ we believe that all heme carbonyls reported prior to our report^[@ref79]^ have been six-coordinate species with a weak-field ligand trans to CO.

3.2. Nitrosyl (NO) Species {#sec3.2}
--------------------------

The NO ligand coordinates to heme iron in both of its common oxidation states; both five- and six-coordinate complexes in both oxidation states have been studied with NRVS. The lower oxidation state, which is nominally iron(II), is often denoted as {FeNO}^7^. In the commonly used notation, {FeNO}^*n*^, first suggested by Enemark and Feltham,^[@ref88]^*n* denotes the sum of the number of d electrons of the metal and the number of π\* electrons in NO. This notation emphasizes the strongly covalent nature of the group. A celebrated system in heme-based NO sensing, that of a {FeNO}^7^ complex, is soluble guanylate cyclase activation where the sensing of NO leads to a cascade that controls the relaxation of endothelial cells of blood vessels and control of blood pressure. Genetic analysis has now demonstrated that there is a large class of related proteins that sense either O~2~ or NO; the binding domain is often called H-NOX.^[@ref90]^ A notable biologically important example of an {FeNO}^6^ complex is that of the nitrophorins found in two classes of blood-sucking insects that allow the organism to obtain a blood meal from its victim.^[@ref91]^ {FeNO}^6^ complexes are also important in denitrification processes.^[@ref92],[@ref93]^

### 3.2.1. NRVS of Five-Coordinate {FeNO}^7^ Species {#sec3.2.1}

The earliest NRVS studies involving five-coordinate {FeNO}^7^ complexes were made on \[Fe(TPP)(NO)\].^[@ref23],[@ref94],[@ref95]^ Both powder and a crystalline array were measured for this complex. The crystal array, a forerunner to more detailed single-crystal measurements made subsequently, allowed conclusive assignments of frequencies resulting from out-of-plane modes. These included the Fe--NO stretch at 540 cm^--1^ and the doming modes at 74 and 128 cm^--1^. The DFT calculations in support of the complete vibrational assignments revealed important limitations of the calculations but also affirmed the general utility of DFT predictions for assignments. An important observation was that predicting Fe--NO frequencies was especially challenging and dependent on the DFT functional chosen for the computation. Both under- and overestimation of the axial Fe--NO stretching frequency was noted. Difficulties in predicting axial ligand frequencies appear to be true across all diatomic species. However, other modes, specifically the in-plane modes, were well predicted both in frequency and in intensity, reinforcing the idea that, with care, DFT calculations are important components of achieving complete vibrational assignments.

Importantly, NRVS powder measurements made on four additional five-coordinate nitrosyl complexes (\[FeOEP)(NO)\] and \[Fe(PPIX DME)(NO)\] and two related species) demonstrated the importance of the peripheral substituents on the details of the in-plane motions of iron. Even changing only two of the eight β peripheral substituents leads to significant changes in the in-plane spectra. The out-of-plane ligand modes were, however, little affected.^[@ref94]^ Subsequently, computational studies demonstrated that the varying possible conformation of the peripheral ethyl groups in \[Fe(OEP)(NO)\] have significant effects on the in-plane vibrations but not the iron NO vibrations.^[@ref96]^ Isotope labeling (^15^NO for ^14^NO) led to assignments for the Fe--NO stretch and bend, consistent with our earlier assignments, but the lower frequency in-plane and out-plane vibrations of \[Fe(OEP)(NO)\] were not assigned.^[@ref96]^

These earlier NRVS studies clearly demonstrated that the nonlinear Fe--N--O group (angle 140--150°) reduces the symmetry of the porphyrin species and consequently enriches the vibrational dynamics by removing in-plane degeneracy. In-plane asymmetry was recognized and preceded by the structures of several five-coordinate nitrosyl species, all unencumbered by crystallographic disorder.^[@ref97],[@ref98]^ All species showed an off-axis tilt of the FeNO group with the in-plane Fe--N~p~ bonds in the direction of the off-axis tilt shorter than those opposite to the tilt, i.e., substantial geometric in-plane asymmetry.

The in-plane anisotropy was explored by the first of a series of very detailed single-crystal NRVS spectral measurements on \[Fe(OEP)(NO)\] with interesting results.^[@ref99]^ In this experiment, two orthogonal spectra were taken in the porphyrin plane. One direction was parallel to the projection of the bent FeNO group onto the porphyrin plane (*x* direction) and the second perpendicular (*y* direction) to this direction. The projection of the Fe--N--O plane is about halfway between a pair of Fe--N~p~ bond directions (i.e., approximately bisecting the in-plane N~p~--Fe--N~p~ angle). The two in-plane spectra display significant differences in both frequencies and intensities.

The two orthogonal in-plane spectra are illustrated in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, where the red or green lines show the observed NRVS signal with measurements taken in the directions shown by the insets. This is presented as a "mirror" plot with two directions sharing a common frequency axis. The Fe--N--O bending mode, as expected, is only found in the *x* in-plane and *z* out-of-plane directions at 394 cm^--1^. However, other differences in the two in-plane spectra are more unexpected.

![Measured (lines, ref ([@ref99])) and predicted (shaded and based on an MO6L functional^[@ref35]^) contributions to the VDOS from iron motion. *e*~*f*Fe~^2^ values (bars) over the 125--480 cm^--1^ range are also presented. Adapted wth permission from ref ([@ref100]). Copyright 2014 American Chemical Society.](cr-2017-00295e_0010){#fig10}

The combination of the experimental data and theoretical calculations led to the surprising conclusion that the in-plane motion of the iron is along the *x* and *y* directions and not along the Fe--N~p~ bond directions^[@ref99]^ as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. This strong preference for the in-plane iron motion parallel and perpendicular to the FeNO plane must represent asymmetry from the relatively strong Fe--N(NO) bond. The interaction between the iron d~π~ orbitals and the NO π\* orbitals are parallel and perpendicular to the FeNO plane.

![Plots of several predicted in-plane modes for \[Fe(OEP)(NO)\] are shown. Directions of iron motion are either parallel and perpendicular to the FeNO plane and not along the Fe--N~p~ bonds. Illustration prepared using DFT results reported in ref ([@ref99]).](cr-2017-00295e_0011){#fig11}

Subsequently, an equivalent oriented crystal study for \[Fe(DPIX DME)(NO)\] showed similar patterns in the motions of iron in the parallel and perpendicular directions to the FeNO plane.^[@ref100]^ The pattern is not quite so strongly developed, which may result from the asymmetric peripheral substitution pattern. Observed out-of-plane modes in \[Fe(DPIX DME)(NO)\] include the bending mode at 399 cm^--1^, the Fe--NO stretch at 528 cm^--1^, and the doming mode at 183 cm^--1^.^[@ref100]^ The corresponding modes in \[Fe(OEP)(NO)\] are the Fe--NO stretch at 517 cm^--1^ and the doming mode at 158 cm^--1^.

### 3.2.2. NRVS of Six-Coordinate {FeNO}^7^ Species {#sec3.2.2}

It has long been recognized^[@ref101]−[@ref104]^ that the NO group has a strong structural trans effect that leads to extremely long and weak Fe--L bonds on the other side of the porphyrin plane. Even though the trans bond is very weak, the interactions does lead to an ∼0.03 increase in the Fe--N(NO) bond distance relative to the five-coordinate complexes. In recognition of this we sought to understand how the Fe--NO stretch could be assigned at 552 cm^--1^ in six-coordinate MbNO when the stretch was assigned at 521 cm^--1^ in five-coordinate MbNO. The 30 cm^--1^ increase is inconsistent with the 0.03 Å longer and thus *weaker* Fe--NO bond found in the small molecule analogues. The 552 cm^--1^ assignment was based on a 15 cm^--1^ shift in this frequency when ^14^NO was replaced by ^15^NO (in resonance Raman studies). However, see further discussion in [section [3.5](#sec3.5){ref-type="other"}](#sec3.5){ref-type="other"}. Oriented single-crystal NRVS on \[Fe(TPP)(1-MeIm)(NO)\] provided a solution to this conundrum.^[@ref105]^ The single-crystal data clearly identify the out-of-plane modes. The iron contribution to the high-frequency peak is very modest, with most of the kinetic energy contribution resulting from motion of the central nitrogen of the FeNO group and not out-of-plane iron motion. This also provides understanding for the substantial lack of iron dependence in the difference Raman spectra between \[^54^FeMbNO\] and \[^57^FeMbNO\] in the high-frequency region.^[@ref105]^ With the large contribution of the kinetic energy from the central nitrogen atom, this observed frequency at 556 cm^--1^ is best considered as the in-plane Fe--N--O bend. Rather the Fe--NO stretch is found at 443 and 473 cm^--1^, almost 100 cm^--1^ lower than that found for the five-coordinate species and quite consistent with the increased Fe--N(NO) bond distances in the six-coordinate species. Mixing between the stretch and one component of the porphyrin mode ν~50~ leads to two bands with Fe--NO stretch character. The NRVS spectrum of MbNO shows bands at 452 cm^--1^ with significant intensity and a much weaker band at 558 cm^--1^.

A subsequent NRVS study of the two crystalline forms of \[Fe(T*p*FPP)(1-MeIm)(NO)\]^[@ref106]^ displayed bands at 432 and 433 cm^--1^ and 560 and 561 cm^--1^. The 561 cm^--1^ peak also has a minor contribution at 571 cm^--1^. The difference between the two species reflects the very small difference (0.004 Å) in the Fe--N(NO) bond distance, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}.

![Figure illustrating the predicted character of the high-frequency FeNO bending mode of monoclinic \[Fe(T*p*FPP)(1-MeIm)(NO)\] observed at 561 and 571 cm^--1^ and predicted at 599 cm^--1^. Note that there is less *observed* in-plane motion for this derivative than that of \[Fe(TPP)(1-MeIm)(NO)\]. Illustration prepared using calculations originally reported in ref ([@ref109]).](cr-2017-00295e_0012){#fig12}

These first studies clearly showed an important difference to be found between the five- vs the six-coordinate species, namely, the reversal of the relative positions of the stretching and bending frequencies depending on coordination number. This is seen to be an important feature for all other Fe(XO) species where analogous five- and six-coordinate species can be prepared and have been analyzed in detail by NRVS studies. This correlation of the pattern of stretching and bending frequencies is applicable to all methods of vibrational analysis including resonance Raman, although the stretching mode is not always observable in rR studies of NO-ligated heme proteins.

These vibrational assignments of the stretching and bending modes have been subsequently confirmed by further NRVS measurements for the isotopomers of \[Fe(TPP)(1-MeIm)(^14,15^N^16,18^O)\] that demonstrate 11 or 12 cm^--1^ downshifts, but single-crystal data were needed to ensure the correct assignments.^[@ref107]^ The single-crystal data for \[Fe(TPP)(1-MeIm)(NO)\]^[@ref105]^ have been further analyzed by a combination of DFT calculations and quantum chemistry-centered normal coordinate analysis (QCC-NCA).^[@ref108]^ The most significant results from this study again demonstrate some shortcomings of DFT calculations. The QCC-NCA calculations are expected to provide good estimates of the force constants of the important bonds of the molecule.^[@ref108]^ However, the possible effects of not including fits to the entire NRVS spectrum may have an effect on these force constants.

The capping NRVS study for six-coordinate {FeNO}^7^ derivatives is that of single-crystal measurements in three orthogonal directions for the monoclinic polymorph of \[Fe(T*p*FPP)(1-MeIm)(NO)\] along with other single-crystal measurements for the triclinic polymorph of \[Fe(T*p*FPP)(1-MeIm)(NO)\] and for \[Fe(T*p*OCH~3~PP)(1-MeIm)(NO)\].^[@ref109]^ The Fe--NO stretch is again found at 472 cm^--1^ in the monoclinic polymorph, and again lower frequency bands mixed with the porphyrin ν~50~ mode can be assigned. The appearance of two new bands mixed with ν~50~ is different from that of the TPP derivative where there was only one band mixed with ν~50~ and emphasizes anew the importance of peripheral substituents.

Another significant difference is in the detailed character of the highest frequency band in the spectrum originally assigned as the Fe--NO stretch. The character of the band that we have assigned as the bend can be partly assessed noting how much, if any, of an in-plane component is observed. In all three of the new complexes studied, the amount of the in-plane component to the total intensity is less than that originally observed for \[Fe(TPP)(1-MeIm)(NO)\].^[@ref105],[@ref108]^ The varying character of the highest frequency band results from mixing among the Fe--N--O bending mode, porphyrin modes, and the Fe--NO stretching mode with the differing peripheral substituents leading to a difference in mixing. The majority of motion for the peak remains that of the central nitrogen atom of the FeNO group and is still most consistent as being described as the bending mode.

The *x* (parallel) and *y* (perpendicular) in-plane measurements for monoclinic \[Fe-(T*p*FPP)(1-MeIm)(NO)\] again demonstrated that the orientation of the FeNO group is paramount in defining the direction of motion. The majority of iron motion for each in-plane mode is either parallel or perpendicular to the FeNO plane similar to the case of the five-coordinate \[Fe(OEP)(NO)\] and \[Fe(DPIX)(NO)\] species. However, the effects are not as dominant as in the five-coordinate cases. This may reflect the fact that the Fe--N(NO) bond is slightly weaker in the six-coordinate complexes.

Finally, the lowest frequency region of the spectra (below 200 cm^--1^) for the monoclinic form of \[Fe(T*p*F-PP)(1-MeIm)(NO)\] is especially rich in low-frequency bands with many predicted to have both Fe--Im stretching and imidazole torsional motions. The peak with the major Fe--Im stretch is at 151--153 cm^--1^, while the doming mode is at 131 cm^--1^. The measurement of the Fe--Im stretch in six-coordinate heme derivatives is an important observation made possible by NRVS; it is not observed in the resonance Raman spectra. A discussion of the Fe--Im stretches observed in six-coordinate Fe(XO) derivatives will be given in [section [3.5](#sec3.5){ref-type="other"}](#sec3.5){ref-type="other"}.

### 3.2.3. NRVS of Five-Coordinate {FeNO}^6^ Species {#sec3.2.3}

Out-of-plane and a generalized in-plane oriented single-crystal measurements have been made for the five-coordinate {FeNO}^6^ complex \[Fe(OEP)(NO)\]^+^.^[@ref110]^ The intense out-of-plane peak found at 595 cm^--1^ is assigned as the stretching mode, and an in-plane peak at 402 cm^--1^ is assigned as the bending mode. This pattern of the stretching frequency found at a higher value than the bend follows that observed for all of the other five-coordinate FeCO and {FeNO}^7^ species described above. DFT calculations have also been performed to facilitate in the assignments. The in-plane modes are predicted to have iron motion in one degenerate set along the Fe--N~p~ bonds and a second degenerate set roughly halfway between the Fe--N~p~ bonds. A doming mode is observed at 151 cm^--1^. The values of both the doming mode and the stretching mode in this five-coordinate species and in the related six-coordinate species \[Fe(TPP)(1-MeIm)(NO)\]^+^ are very close and suggest the axial Fe--N(NO) bond, which is equal in both derivatives, is the prime determinant of the frequency for the modes in both.

### 3.2.4. NRVS of Six-Coordinate {FeNO}^6^ Species {#sec3.2.4}

The biological importance of the six-coordinate {FeNO}^6^ species is less than that of the {FeNO}^7^ species. Nevertheless, the {FeNO}^6^ species are significant in NO processing (i.e., fungal NO reductase^[@ref111]^) and provided for the biological storage of otherwise labile NO (i.e., the nitrophorins^[@ref112]^). The electronic structure of the FeNO unit has been the subject of debate with suggestions varying from Fe^II^(NO^+^) to Fe^IV^(NO^--^).

The NRVS spectra of four different {FeNO}^6^ species have been recorded. The possible frequencies of the Fe--N--O stretch and bend in six-coordinate \[Fe(TPP)(1-MeIm)(NO)\]^+^ are observed to be very close at near 600 cm^--1^.^[@ref113]^ This is in distinct contrast to the other diatomic ligated species which have the highest pair of frequencies well separated. Thus, assigning (distinguishing) the stretch and bend is challenging. Even with a comparison with powder spectra obtained with natural abundance and the ^15^N^18^O isotopomer, the final assignments of 578 cm^--1^ for the stretch and 586 cm^--1^ for the bend are somewhat ambiguous.

The NRVS spectrum of the NO derivative of the isoform nitrophorin 2, an NO-carrying protein, has been recorded and shows a strong band at 594 cm^--1^ along with a shoulder at 581 cm^--1^. These were tentatively assigned as the stretch and bend, respectively.^[@ref114]^ The porphyrin in the nitrophorin is heme *b* that has two ionizable carboxylic acid groups. Since the complex is formed at relatively low pH the two carboxylic groups are likely protonated. An interesting feature of this study was a theoretical prediction of the effects of possible protonation states of the carboxylic acid groups and the effects of the protein environment on the spectrum. Substantially different predictions were found, and the authors concluded that heme *b* was deprotonated in the derivative. A second nitrophorin NO derivative (isoform 7) has also been studied.^[@ref115]^ A single band at 589 cm^--1^ was observed and must correspond to the frequencies of both the stretching and the bending modes.

It is interesting to note that the theoretical frequency predictions of all of the above studies predict larger frequency separations between the stretching and the bending modes than is actually observed. The ambiguity in the assignment of the stretch and bend is clearly a call for the use of our single-crystal NRVS measurements for resolution. Although Ellison and Scheidt^[@ref116]^ described the synthesis of several \[Fe(OEP)(L)(NO)\]^+^ derivatives where L was a neutral nitrogen donor, none were appropriate for a complete single-crystal NRVS study. Fortunately, crystallization of {FeNO}^6^ species from a series of various solvents provided single-crystal samples of \[Fe(OEP)(2-MeHIm)(NO)\]^+^ appropriate for NRVS measurement of three orthogonal orientations of the crystalline sample.^[@ref110]^

The oriented-crystal measurements show a strong out-of-plane mode at 600 cm^--1^ and two equally intense in-plane modes at 580 and 574 cm^--1^ in the other two measured directions that are parallel to the porphyrin plane and, respectively, parallel and perpendicular to the imidazole plane. Thus, the stretching and bending modes are clearly identified. Unlike the previously described six-coordinate Fe(XO) species, the frequency of the stretch does not decrease to a value substantially below the bending modes. This probably results because the axial Fe--NO distance is unchanged (not longer) compared to the five-coordinate species, unlike all other Fe(XO) systems. The two bending modes observed at 580 and 574 cm^--1^ are predicted and observed to be parallel and perpendicular to the axial imidazole and have frequencies much higher than the analogous five-coordinate NO complex. Interestingly, imidazole motions are correlated in the two FeNO bends: the bend perpendicular to imidazole also has imidazole motion perpendicular to the plane, whereas in the bend parallel to the imidazole the ring displays rotational motion in the imidazole plane.

The in-plane iron modes in the ∼300--370 cm^--1^ range are expected for a low-spin state. They are predicted to have iron motion approximately parallel and perpendicular to the imidazole plane rather than along the Fe--N~p~ directions. This appears to be an effect of the totality of axial ligand bonding of imidazole and NO; the corresponding in-plane motions in \[Fe(OEP)(NO)\]^+^ are located both halfway between Fe--N~p~ and along the Fe--N~p~ bonds. There is clearly more in-plane anisotropy in the six-coordinate species.

An important out-of-plane observation in all of the six-coordinate imidazole-ligated Fe(XO) species is the assignment of the Fe--Im stretch. There are typically more than one low-frequency mode that might be assigned. The character of all of the low-frequency bands with both predicted simultaneous iron and imidazole motion must be considered. We examine the predicted character of each calculated frequency and choose the one that best resembles the classical Fe--Im stretch. This "classical" Fe--Im vibration for \[Fe(OEP)(2-MeHIm)(NO)\]^+^ is illustrated in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}. Similar motions have been predicted and observed for other six-coordinate Fe(XO) derivatives and will be further discussed as a group in [section [3.5](#sec3.5){ref-type="other"}](#sec3.5){ref-type="other"}.

![Plot illustrating the predicted character of the mode most characteristic of the Fe--Im stretch in \[Fe(OEP)(2-MeHIm)(NO)\]^+^. Predicted frequency is 225 cm^--1^, and observed frequency is 238 cm^--1^. Adapted with permission from ref ([@ref110]). Copyright 2014 American Chemical Society.](cr-2017-00295e_0013){#fig13}

3.3. NRVS of Dioxygen (O~2~) Species {#sec3.3}
------------------------------------

Aerobic life obviously depends on dioxygen and heme proteins dominating its utilization. Important systems include oxygen carriers such as hemoglobin and myoglobin and the systems for the reduction of O~2~ to H~2~O that power aerobic metabolism (i.e., cytochrome oxidase). Other important systems are heme-based sensors and many heme--O~2~ complexes that are important as intermediates in enzymatic processes. Clearly characterization of the vibrational characteristics of heme--oxygen systems is important in developing further understanding.

The study of dioxygen complexes of small molecule iron porphyrin derivatives is complicated by their instability to oxidation by dioxygen. To our knowledge, the only known molecules that have avoided this difficulty, with the isolation of solid-state species, are the picket fence porphyrin derivatives originally synthesized by Collman and co-workers.^[@ref117]^

Structure determinations for the dioxygen derivatives of iron(II) picket fence porphyrin^[@ref117]−[@ref121]^ have shown that dioxygen coordinates with an end-on conformation and a Fe--O--O angle of ∼125°. The similarity of the structural features of the dioxygen complexes to that of the {FeNO}^7^ complexes immediately suggests that there will also be similarities in the vibrational spectra.

NRVS spectra have been measured for three distinct oxyheme complexes with differing trans imidazole ligands, the 1-methyl-, 1-ethyl-, and 2-methylimidazole derivatives.^[@ref122]^ There are three high-frequency bands seen that have both significant iron and oxygen contributions. The 1-ethyl- and 2-methylimidazole derivatives have been studied by oriented, single-crystal NRVS measurements. The out-of-plane modes have frequencies of 571, 417, and 393 cm^--1^ for the 1-ethylimidazole derivative and 563, 419, and 389 cm^--1^ for the 2-methylimidazole species. These frequencies are similar to those observed in resonance Raman. However, it is to be noted that the assignments from Raman based on ^18^O~2~ isotopomers must be regarded as ambiguous. These modes have both in-plane and out-of-plane character from the NRVS single-crystal spectra and are strongly mixed with both bending and stretching contributions to both of the highest frequency bands. The two highest frequencies for the modes showing out-of-plane character are illustrated in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}. As also seen in the {FeNO}^7^ nitrosyls, the kinetic energy of the highest frequency band is dominated by the central (oxygen) atom, whereas the second mode has kinetic energy predicted to be more uniformly distributed across the FeOO fragment. While the illustrations are based on predictions, the NRVS observed character is in good agreement.

![Predicted vibrational character of the Fe--O~2~ unit in \[Fe(TpivPP)(1-EtIm)(O~2~)\] for the modes observed at 571 and 417 cm^--1^. Illustration prepared using DFT calculations originally reported in ref ([@ref122]).](cr-2017-00295e_0014){#fig14}

DFT predictions for both of these bands concur with the conclusion of strong mixing between bending and stretching. Moreover, model calculations based on an oxy derivative with only the porphine nucleus also point to strong mixing in the two bands. The third mode with the smallest intensity and at the lowest frequency of the group has only iron out-of-plane motion. This mode had not been observed in the resonance Raman of the oxy derivatives and points to the unique capabilities of the NRVS technique.

Predictions of frequencies for the diamagnetic FeO~2~ center were made by DFT calculations using both open-shell and closed-shell singlets. Some differences are observed, i.e., frequencies for the nominal Fe--O~2~ stretch are lower than observed (open shell) or higher than observed (closed shell). Otherwise, neither set of predictions appears to be superior.

The structural similarity of the oxyhemes to the {FeNO}^7^ hemes suggests that there could be substantial in-plane anisotropy for the oxy species. These bands are observed in the 220--360 cm^--1^ region. This is indeed strongly suggested by the DFT calculations that show the bands are strongly in-plane polarized and that the majority of the iron motion is either parallel or perpendicular to the FeO~2~ plane. Oriented crystal measurements parallel and perpendicular to the imidazole plane reveal that significant differences can be observed. Unfortunately, the 4-fold disorder of the dioxygen in the ligand binding pocket does not permit unambiguous conclusions, but it seems likely that the bound dioxygen ligand has a strong effect, similar to NO on the motion of iron.

In the spectral range below ∼220 cm^--1^ there are peaks with in-plane and out-of-plane character. A major concern for these low-frequency modes is the possible identification of the Fe--N(Im) stretch and doming modes. Predicted modes in this region have simultaneous, significant motion of both iron and imidazole, with many that show sensitivity to imidazole identity. Unlike the situation with resonance Raman, the observation of the Fe--N(Im) stretch in six-coordinate species is possible, a distinct advantage of the NRVS method over Raman spectroscopy. The Fe--N(Im) stretch has been observed and shifts to lower frequency in the order 1-MeIm \> 1-EtIm \> 2-MeHIm with values of 205, 196, and 187 cm^--1^. This order is consistent with the differences in mass of the imidazole. With these assignments in hand, the trends in Fe--N(Im) stretches in the entire series of \[Fe(porph)(R-Im)(XO)\] complexes can now be evaluated and will be discussed more fully in [section [3.5](#sec3.5){ref-type="other"}](#sec3.5){ref-type="other"}

Two oxygenated heme proteins have been studied by NRVS: oxymyoglobin (MbO~2~) and an engineered myoglobin derivative designed to probe the iron/copper site of cytochrome oxidase.^[@ref123]^ The two highest frequencies in the "classical" oxygen storage protein oxymyoglobin are found at 579 and 423 cm^--1^. The highest frequency band is oxygen centered with the kinetic energy analysis for this band showing that the central oxygen in MbO~2~ has 77% of the total kinetic energy of the mode consistent with a description as the FeOO bending mode. The 423 cm^--1^ band is best considered as the Fe--O~2~ stretching mode. This pattern in similar to that of the {FeNO}^7^ derivatives. These two frequencies, with higher values relative to the picket fence derivatives, probably result from the known hydrogen bond (from His64) to the coordinated O~2~.

The directions of the in-plane iron vibrations appear to be either perpendicular or parallel to the FeO~2~ plane with a 337 cm^--1^ band that is especially prominent in the NRVS spectrum and that is predicted to be perpendicular to the FeO~2~ plane.

The engineered protein is based on myoglobin and has two amino acid substitutions to provide three histidines to bind copper just above the oxygen binding site. This derivative is denoted Cu~B~Mb. This modified derivative leads to His64 changing from a residue that hydrogen bonds to the coordinated dioxygen to a ligand for the copper. This Cu/Fe derivative with Cu(I) bound mimics the structure of the heme--copper oxygenases and carries out reduction of dioxygen to peroxide.^[@ref124]^ Replacement of copper(I) with silver(I) yields an air-stable derivative with bound dioxygen.^[@ref125]^ This derivative is denoted Ag(I)--Cu~B~MbO~2~. The NRVS spectrum of this oxygenated derivative has the two highest frequencies at 588 and 428 cm^--1^.^[@ref123]^ These frequencies are higher than those seen for MbO~2~ and are thought to result from the influence of the second metal on the oxygenated heme center. It is also noted that the O~2~ affinity of this derivative is higher than that of deoxyMb even though the hydrogen-bonding histidine is not available. It should also be recognized that the NRVS spectra, especially in the in-plane region, are simpler than those of the picket fence derivatives.

3.4. Cyanide (CN^--^) Species---A Spin Crossover Complex {#sec3.4}
--------------------------------------------------------

The synthesis and characterization of the five-coordinate iron(II) cyanide derivative \[Fe-(TPP)(CN)\]^−^ revealed an unexpected property. Cyanide, long considered a strong-field ligand, did not provide a sufficiently strong ligand field to give a low-spin species under all conditions. Rather the compound is low spin only at lower temperatures and high spin at higher temperature, i.e., it forms a spin crossover complex (an *S* = 0 ⇋ *S* = 2 equilibrium).^[@ref126]^ This provided an unusual opportunity, namely, the possibility to track in detail how all the iron-dependent modes of this complex change between the two spin states rather than the typical single vibration. Although the spin-crossover process is fast on the Mössbauer time scale, it is slow on the NRVS (vibrational) time scale and the vibrational components of the two spin states can be resolved. NRVS measurements were made on powder (17 K) and a general oriented single crystal between 116 (totally low spin) and 290 K (spin mixture).^[@ref127]^

The difference in the molecular structure for the two spin states is large with equatorial Fe--N~p~ bond distances of 1.986 (LS) vs 2.089 Å (HS), axial Fe--N(CN) distances of 1.878 (LS) vs 2.108 Å (HS), and an out-of-plane displacement from the plane of the four nitrogen atoms of 0.17 (LS) vs 0.45 Å (HS). The high-spin distances may actually be slightly larger as the spin state transition was still not quite complete at the highest achievable temperature for the structure determination. Clearly the difference in frequencies for equivalent vibrations in the two spin states can also be expected to be large. However, the correlations are not quite as simple as might be expected, owing to mixing of iron modes with different porphyrin ring modes at different temperatures and spin state.

The correlation of the out-of-plane modes is relatively straightforward as there is only very modest mixing with porphyrin modes. The observed doming mode shifts from 130 (low spin) to 108 cm^--1^ (high spin), correlated with the changes in the out-of-plane displacement of iron. This provides an indication of the magnitude of the change that can be expected from the differences in the displacement of iron from the four nitrogen atom plane of 0.17 Å in the low-spin form to ≥0.45 Å in the high-spin form. The observed Fe--CN stretching mode shifts from 461 cm^--1^ in the low-spin form to 322 cm^--1^ in the high-spin form. However, the C--N stretches in the two states (obtained by IR, with 2105 cm^--1^ low spin and 2070 cm^--1^ high spin) shift in the opposite direction. The inverse correlation of the two stretches is consistent with π-backbonding analogous to that observed in iron carbonyl species. The Fe to ligand π-backbonding is surely more significant in the low-spin state.

The in-plane iron modes are found to be much more mixed with porphyrin ligand modes in the low-spin state than in the high-spin state. Consequently, there is not a one to one correspondence of modes in the two states and the high-spin spectra are less complex.^[@ref127]^ The Fe--C--N bending modes display effects from porphyrin ligand mixing. In addition to the degenerate (*x* and *y*) bending modes observed at 413.2 and 413.4 cm^--1^ for the LS species, there is mixing with the porphyrin ligand ν~50~ modes to yield a degenerate pair with FeCN bending motion predicted at 476.4 and 476.7 cm^--1^ and observed at 464 cm^--1^. The two sets of LS FeCN bending modes simplify to a pair of observed modes at 272 cm^--1^. The differences in the FeCN bending motion between the two spin states is depicted in [Figures [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} and [16](#fig16){ref-type="fig"}.

![Change in the Fe--C--N bending (*y* direction) between the low- and the high-spin states of \[K(222)\]\[Fe(TPP)(CN)\]. Frequencies given are predicted values. Note the substantial FeCN bending contribution to the porphyrin mode ν~50~ at 476.7 cm^--1^ that is not found in the high-spin state. Adapted with permission from ref ([@ref127]). Copyright 2012 American Chemical Society.](cr-2017-00295e_0015){#fig15}

![Change in the in-plane (*y*-direction) modes between the low- and the high-spin states of \[K(222)\]\[Fe(TPP)(CN)\]. Again, note the differences in porphyrin ring and iron mixing. Adapted with permission from ref ([@ref127]). Copyright 2012 American Chemical Society.](cr-2017-00295e_0016){#fig16}

As is usual for low-spin complexes, the middle frequency range 220--360 cm^--1^ is dominated by in-plane vibrations. There are a number of bands centered around 244 (four modes) and 304 cm^--1^ (3 modes with ν~53~ character). The two regions of in-plane vibrations in the low-spin form simplify to a single region with much less mode mixing with porphyrin ring vibrations in the high-spin state. Thus, the simplification on going to the high-spin state is both a smaller number of modes involving iron motion and a lowering of the frequencies. The frequency differences in both the in-plane and the out-of-plane vibrations is consistent with the increases in both axial and equatorial bond length in the high-spin state. The changes in vibrations and their correlation with the two spin states are shown in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"} with dashed lines connecting the high-spin and low-spin modes with similar iron motion.^[@ref127]^

![Diagram illustrating the correlations of iron motion in the high- and low-spin states of \[K(222)\]\[Fe(TPP)(CN)\]. Color coding is shown in the inset of the high-spin panel. Height of the bars gives the calculated kinetic energy contribution of iron to the mode. Horizontal axes are on the same linear scale; positions of the predicted peaks are somewhat arbitrary in order to avoid overlaps. Reprinted with permission from ref ([@ref127]). Copyright 2012 American Chemical Society.](cr-2017-00295e_0017){#fig17}

The reduced vibrational frequencies lead to a significantly increased vibrational entropy for the high-spin state. Calculations suggest that the vibrational contribution to the overall increase in entropy drives the thermal low-spin → high-spin transition with increasing temperature.

3.5. Significant NRVS-Derived Correlations in Fe(XO) Species {#sec3.5}
------------------------------------------------------------

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} provides a summary of selected observed frequencies for vibrations of five- and six-coordinate Fe(XO) species obtained from NRVS measurements. Values are given for the Fe--XO stretch, the Fe--X--O bend, the trans Fe--L stretch, and the doming mode. Values for both coordination numbers are available for {FeCO}^6^, {FeNO}^6^, and {FeNO}^7^ complexes. It should be recognized that the calculated kinetic energy contributions from the three atoms of the various FeXO groups, verified by experimental data when possible, provide the best possible description. As an example of the sometime confusion, the highest frequency vibration for six-coordinate MbNO has been described as a stretch, a bend, or a mixture of both,^[@ref128]−[@ref132]^ but the dominant contribution of the N atom to the kinetic energy distribution indicates that FeNO bending is the verbal description most consistent with the mode character.

###### Summary of Selected Vibrations for Measured Fe(XO) Species

  compound                                                 measurement type[a](#t1fn1){ref-type="table-fn"}   Fe--XO stretch[b](#t1fn2){ref-type="table-fn"}   Fe--X--O bend[b](#t1fn2){ref-type="table-fn"}   Fe--L stretch[b](#t1fn2){ref-type="table-fn"}   doming mode[b](#t1fn2){ref-type="table-fn"}   ref
  -------------------------------------------------------- -------------------------------------------------- ------------------------------------------------ ----------------------------------------------- ----------------------------------------------- --------------------------------------------- -------------
  A. Five-Coordinate Species                                                                                                                                                                                                                                                                                 
  \[Fe(OEP)(CO)\]                                          Gen-SC                                             573                                              505                                             [c](#t1fn3){ref-type="table-fn"}                157                                           ([@ref79])
  \[Fe(TMP)(CO)\][d](#t1fn4){ref-type="table-fn"}          Soln                                               580                                              505                                             [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref69])
  \[Fe(OEP)(NO)\]                                          Spec-SC                                            517                                              394                                             [c](#t1fn3){ref-type="table-fn"}                158                                           ([@ref99])
  \[Fe(DPIX DME)(NO)\]                                     Spec-SC                                            528                                              399                                             [c](#t1fn3){ref-type="table-fn"}                183                                           ([@ref100])
  \[Fe(OEP)(NO)\]^+^                                       Gen-SC                                             595                                              402                                             [c](#t1fn3){ref-type="table-fn"}                151                                           ([@ref110])
  \[Fe(TPP(CN)\]^−^(LS)                                    Gen-SC                                             461                                              413                                             [c](#t1fn3){ref-type="table-fn"}                130                                           ([@ref127])
  \[Fe(TPP(CN)\]^−^(HS)                                    Gen-SC                                             322                                              277                                             [c](#t1fn3){ref-type="table-fn"}                108                                           ([@ref127])
  B. Six-Coordinate Species                                                                                                                                                                                                                                                                                  
  \[Fe(OEP)(1-MeIm)(CO)\]                                  Pwd                                                499/513                                          582/575                                         [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref67])
  \[Fe(TPP)(1-MeIm)(CO)\]                                  Gen-SC                                             507                                              561/586                                         225                                             64/127                                        ([@ref67])
  \[Fe(TPP)(1-PhIm)(CO)\]                                  Pwd                                                502                                              561/589                                         223                                             [c](#t1fn3){ref-type="table-fn"}              ([@ref67])
  \[Fe(TPP)(1,2-DiMeIm)(CO)\]                              Pwd^+^                                             506                                              561/583                                         221                                             [c](#t1fn3){ref-type="table-fn"}              ([@ref67])
  MbCO                                                     Soln                                               502                                              572                                                                                                                                           ([@ref68])
  \[Fe(ImT3MP)(CO)\]                                       Soln                                               470                                              570                                             [c](#t1fn3){ref-type="table-fn"}                110                                           ([@ref69])
  \[Fe(TMP)(H~2~O)(CO)\][d](#t1fn4){ref-type="table-fn"}   Soln                                               520                                              550                                             [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref69])
  \[Fe(TPP)(1-MeIm)(NO)\]                                  Gen-SC                                             472/437                                          566                                             149                                             [c](#t1fn3){ref-type="table-fn"}              ([@ref105])
  mono-\[Fe(T*p*FPP)(1-MeIm)(NO)\]                         Spec-SC                                            473/439/426                                      561                                             153                                             131                                           ([@ref109])
  tri-\[Fe(T*p*FPP)(1-MeIm)(NO)\]                          Gen-SC                                             466/432                                          560                                             140                                             [c](#t1fn3){ref-type="table-fn"}              ([@ref109])
  MbNO                                                     Soln                                               443                                              547                                                                                             130(?)                                        ([@ref21])
  \[Fe(OEP)(2-MeHIm)(NO)\]^+^                              Spec-SC                                            600                                              574/580                                         238                                             152                                           ([@ref110])
  \[Fe(TPP)(1-MeIm)(NO)\]^+^                               Pwd                                                578(?)                                           588(?)[e](#t1fn5){ref-type="table-fn"}          [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref113])
  NP2-NO                                                   Soln                                               594                                              581                                             [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref114])
  \[Fe(TpivPP)(1-EtIm)(O~2~)\]                             Gen-SC                                             (571,417,393)[f](#t1fn6){ref-type="table-fn"}    196                                             118                                             ([@ref122])                                   
  \[Fe(TpivPP)(2-MeHIm)(O~2~)\]                            Gen-SC                                             (563,419,389)[f](#t1fn6){ref-type="table-fn"}    187                                             119                                             ([@ref122])                                   
  \[Fe(TpivPP)(1-MeIm)(O~2~)\]                             Pwd                                                (571,417,393)[f](#t1fn6){ref-type="table-fn"}    205                                             118                                             ([@ref122])                                   
  MbO~2~                                                   Soln                                               423                                              579                                             [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref123])
  Ag(I)--Cu~B~MbO~2~                                       Soln                                               428                                              588                                             [c](#t1fn3){ref-type="table-fn"}                [c](#t1fn3){ref-type="table-fn"}              ([@ref123])

Spec-SC, 3 orthogonal single-crystal measurements; Gen-SC, 2 orthogonal single-crystal measurements; Pwd, powder; Pwd^+^, powder +1 in-plane single-crystal measurement; Soln, frozen solution.

Value in cm^--1^.

Not available or not assigned.

Suggested assignments, see text.

Stretch and bend assignments possibly reversed.

Stretch and bend strongly mixed.

[Figure [18](#fig18){ref-type="fig"}](#fig18){ref-type="fig"} displays the calculated kinetic energy contributions of the Fe, C, and O atoms of five- and six-coordinate carbonyl derivatives. From the figure it is clear that the Fe-centered mode and central atom-centered modes have reversed frequency ordering in the two coordination number derivatives, consistent with the earlier statement that the ordering of the bend and stretch are reversed between the two coordination numbers and providing a clear marker of coordination number in (all) FeXO species. The pattern for the five- and six-coordinate {FeNO}^7^ shows similar kinetic energy distribution shifts. In the {FeNO}^6^ species, the pattern of frequency changes is quite clear for the central atom-centered vibration, but the frequency for the iron-centered vibration is essentially unchanged for the two coordination numbers. Nonetheless, the pattern for distinguishing the two coordination numbers in {FeNO}^6^ species is quite clear.

![Comparison of the calculated kinetic energy contributions of the Fe, C, and O atoms in \[Fe(OEP)(CO)\] and \[Fe(OEP)(1-MeIm)(CO)\]. Vertical axis gives the value of the predicted kinetic energy contribution from each of the three atoms in FeCO at each frequency.](cr-2017-00295e_0018){#fig18}

Since the vibrations and the structure of a molecule are expected to be closely coupled, we explore possible relationships between vibrational frequencies and observed structural parameters. A possible complication in attempting such correlations is the mixing of the selected mode with other iron or porphyrin modes that will have different components for each complex. However, there is strong correlation between the observed Fe--XO stretch and the Fe--XO bond length in the characterized six-coordinate species. This is illustrated in [Figure [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}. A similar correlation for the five-coordinate species is found, and a plot is given in [Figure [20](#fig20){ref-type="fig"}](#fig20){ref-type="fig"}.

![Plot showing the correlation of the Fe--XO stretching frequencies determined by NRVS (highest frequency chosen when two are observed) with the observed (X-ray) Fe--X bond lengths for the six-coordinate Fe(Im)(XO) derivatives. Correlation coefficient for the fit for the nonlinear Fe--X--O derivatives is 0.96.](cr-2017-00295e_0019){#fig19}

![Plot showing the correlation of the Fe--XO stretching frequencies determined by NRVS (highest frequency chosen when two are observed) with the observed (X-ray) Fe--X bond lengths for the five-coordinate Fe(XO) derivatives.. Correlation coefficient for the fit is 0.93.](cr-2017-00295e_0020){#fig20}

As we noted earlier for the six-coordinate {FeNO}^6^ complex, assigning the Fe--Im stretch is challenging. It is likely that the components of the Fe--Im mode are found in more than one NRVS frequency owing to mixing of these low-frequency modes. We believe we have found the most appropriate assignment for each of the six-coordinate Fe(XO) species for which we have an out-of-plane spectrum. In [Figure [21](#fig21){ref-type="fig"}](#fig21){ref-type="fig"} we plotted this assigned Fe--Im frequency against the observed Fe--N(Im) bond distance. As can be seen from the plot of the seven distinct species for which data is available, the correlation found is satisfying. Note that the correlations in [Figures [19](#fig19){ref-type="fig"}](#fig19){ref-type="fig"}, [20](#fig20){ref-type="fig"}, and [21](#fig21){ref-type="fig"} extends over large ranges of distances and frequencies.

![Correlation between Fe--N(Im) bond distances and Fe--Im stretch frequencies (ν~Fe--Im~) of six-coordinate \[Fe(Porph)(RIm)(XO)\] (X = N, C, O) complexes: filled triangle, \[Fe(OEP)(2-MeHIm)(NO)\]^+^; filled square, \[Fe(TPP)(1-MeIm)(CO)\]; open circles, \[Fe(TpivPP)(2-MeHIm)(O2)\] and \[Fe(TpivPP)(1-MeIm)(O2)\]; filled circle, \[Fe(TPP)(1-MeIm)(NO)\], tri-\[Fe(TpFPP)(1-MeIm)(NO)\], and mono-\[Fe(TpFPP)(1-MeIm)(NO)\]. Correlation coefficient for the fit is 0.94.](cr-2017-00295e_0021){#fig21}

4. Other Ligand Systems and Studies {#sec4}
===================================

4.1. NRVS of Imidazole and Imidazolate Complexes {#sec4.1}
------------------------------------------------

Heme proteins often have a histidine as an axial ligand and a covalent link to the protein. A very common motif in biology is a five-coordinate iron(II) species with the sixth position poised to bind ligands, especially the diatomics NO, CO, and O~2~. Vibrational methods, most commonly resonance Raman, have been used to study variations in the strength of the axial Fe--Im bond as a way of understanding the differing functions and ligand discrimination of heme proteins. However, other important vibrations such as the in-plane Fe--N~p~ bonds are not resonance Raman active and have only rarely been reported in IR measurements at lower frequencies than commonly employed.^[@ref133]^ The use of NRVS promised to provide new information on this important class of molecules that was not previously available.

The preparation of five-coordinate high-spin imidazole-ligated iron(II) porphyrinates requires the use of a sterically hindered imidazole, and 2-methyl- or 1,2-dimethylimidazoles with several porphyrins were used in these studies. A total of six distinct derivatives were studied, with both powder and oriented single-crystal measurements obtained.^[@ref134]^ Practical issues allowed oriented-crystal measurements on only two of the species, but the powder spectra do provide important additional information. DFT calculations were carried out in support of the assignments for four of the derivatives.

Initial studies concentrated on deconvolving the strong signals in the 200--300 cm^--1^ region into the overlapped in-plane and out-of-plane modes.^[@ref134]^ Subsequent studies, described later, provide additional details concerning the iron dynamics. The six derivatives all display strong contributions in the 200--300 cm^--1^ region, with obvious differences between porphyrin species with β-alkyl substituents (OEP and PPIX) or *meso*-tetraaryl substituents (TPP and TTP). Weaker bands are observed both above and below this region. Differences also occur between derivatives with the axial ligand 2-methylimidazole vs 1,2-dimethylimidazole. The main spectral feature for the β-alkyl substituent species is a very broad band with little feature. The tetraaryl derivatives have three sharp bands in the region when the axial ligand is 2-methylimidazole but increases to six relatively sharp bands when the axial ligand is 1,2-dimethylimidazole. All of these features attest to the importance of using complete (not truncated) molecules in DFT calculations for vibrational predictions. Vibrations from iron motion in the in-plane directions are not resonance Raman active but are accessible in NRVS. Thus, the NRVS studies provide new information on this class.

Two derivatives, \[Fe(TPP)(2-MeHIm)\] and \[Fe(OEP)(2-MeHIm)\], for which both powder and oriented single-crystal measurements are available, were selected for detailed analysis with the remaining derivatives yielding buttressing details. Four peaks are seen in the powder NRVS spectrum of \[Fe(TPP)(2-MeHIm)\] at 224, 248, 294, and 408 cm^--1^. The single-crystal spectrum clearly shows that the peaks at 408 and 294 cm^--1^ are in-plane vibrations corresponding to motions associated with ν~50~ (408 cm^--1^) and ν~53~ (294 cm^--1^), whereas the 248 cm^--1^ peak is an out-of-plane mode. The largest and broadest peak centered at 220--224 cm^--1^ is the result of overlapped in-plane and out-of-plane modes. The oriented single-crystal data shows that the in-plane modes are at 206 and 221 cm^--1^ and out-of-plane modes at 216 and 226 cm^--1^. Although the presence of the axial imidazole should remove the degeneracy of the *x* and *y* in-plane mode directions, none of the in-plane peaks are resolved in the experimental data.

Although the powder spectra of \[Fe(OEP)(2-MeHIm)\] in the 200--300 cm^--1^ region are only partially resolved, the single-crystal spectra reveal in-plane modes at 228, 256, 291, 320, 347, and 365 cm^--1^ and out-of-plane modes at 218 and 230 cm^--1^. The 291 cm^--1^ in-plane band corresponds to the similar band at 294 cm^--1^ in \[Fe(TPP)(2-MeHIm)\]. The in-plane 228 cm^--1^ band corresponds to the Fe--N~p~ stretch and the degenerate ν~53~ pair. The 256 cm^--1^ band corresponds to in-plane motion of iron perpendicular to the imidazole plane coupled with imidazole translational movement. The overall appearance of the NRVS spectra of \[Fe(OEP)(2-MeHIm)\] and \[Fe(PPIX)(2-MeHIm)\] is very similar, again showing the substantial differences between tetraaryl and β-substituted porphyrin derivative. Note however that the effects on the axial modes are quite small.

The conformation of the peripheral ethyl groups in \[Fe(OEP)(2-MeHIm)\] appears to have substantial effects on the midrange vibrations. DFT-based predictions based on the observed conformation (all ethyl groups down, opposite the imidazole) and a second with four ethyl groups up and four down shows better agreement between the known conformation prediction and the observed spectra. Different spectral features were also predicted for two conformers of \[Fe(OEP)(1,2-DiMeIm)\] but where the differences were somewhat less conclusive. Similar conclusions were reached for the effect of conformers in \[Fe(OEP)(NO)\].^[@ref96]^

A major point of interest in the characterization of the vibrational spectroscopy of these high-spin five-coordinate imidazole-ligated porphyrinates was to better understand the dynamics of the iron--imidazole group. The axial Fe--Im vibration is Raman active, and a peak at ∼220 cm^--1^ is observed in deoxymyoglobin and -hemoglobin. A number of isotope-labeling studies and site-directed Mb mutants demonstrate both iron and imidazole character to this band.^[@ref135],[@ref136]^

The out-of-plane peaks at 216, 226, and 248 cm^--1^ observed for \[Fe(TPP)(2-MeHIm)\] and at 218 and 230 cm^--1^ for \[Fe(OEP)(2-MeHIm)\] are all predicted to have both iron and imidazole character. The lower frequency peaks in both of these complexes corresponds to the 220 cm^--1^ peak seen in the deoxy proteins. Is there a second peak in the protein spectra similar to the higher frequency peaks found in the small molecule species? Experimental resonance Raman studies by both Argade et al.^[@ref135]^ and Wells et al.^[@ref136]^ failed to find evidence for this second vibration, and only the NRVS study reveals this second frequency. The NRVS measurements demonstrate the complexity of the iron--histidine mode and explain the failure of predicting isotope shifts with a two-body model.^[@ref136]^ The predicted nature of the out-of-plane modes for \[Fe(TPP)(2-MeHIm)\] is shown in [Figure [22](#fig22){ref-type="fig"}](#fig22){ref-type="fig"}.

![Four DFT-predicted out-of-plane Fe modes contributing to the pair of experimental features at 216 and 226 cm^--1^ in \[Fe(TPP)(2-MeHIm)\]. Reprinted with permission from ref ([@ref134]). Copyright 2012 American Chemical Society.](cr-2017-00295e_0022){#fig22}

The complexes with 1,2-dimethylimidazole as the axial ligand generally show shifts of the Fe--Im modes to lower frequency as expected from both the slightly longer Fe--N(Im) bonds and the increased mass of the ligand. The spectral changes and analysis of the \[Fe(OEP)(1,2-DiMeIm)\] derivative appears more complex, probably as the result of a porphyrin mode mixing with larger shifts observed compared to the tetraaryl series.

The NRVS spectrum of deoxyMb has also been measured.^[@ref68]^ An unexpected feature was that the spectrum showed much sharper peaks than either \[Fe(OEP)(2-MeHIm)\] or \[Fe(PPIX)(2-MeHIm)\]. Nonetheless, the spectrum is still compressed into the 200--300 cm^--1^ region with in-plane and out-of-plane modes clearly resolved.

The most significant vibration in the very low frequency region of heme spectra is the doming mode, i.e., a large iron displacement perpendicular to the porphyrin plane with opposing motion of the outer portion of the porphyrin core. Such a motion has particular biological significance in various models of protein control of reactions at the active site of heme proteins, including Perutz's model for hemoglobin cooperativity.^[@ref70]^ This mode is often mixed with with other porphyrin modes. In these complexes, the doming mode is expected to be at the lower end of the ranges of observed doming modes because of the large out-of-plane displacement and the high-spin state of iron. The low-frequency out-of-plane measurement for \[Fe(TPP)(2-MeHIm)\] reveals features at 83 and 116 cm^--1^ that correspond to predicted features at 83 and 87 cm^--1^. The powder data for \[Fe(TPP)(1,2-DiMeIm)\] displays features at 94 and 128 cm^--1^. Similar features in \[Fe(OEP)(2-MeHIm)\] are found at 72 and 139 cm^--1^. A depiction of some low-frequency modes is given in [Figure [23](#fig23){ref-type="fig"}](#fig23){ref-type="fig"}.

![Predicted oop modes at 27, 28, and 83 cm^--1^ for \[Fe(TPP)(2-MeHIm)\] (top); predicted mode at 87 cm^--1^ is similar to the 83 cm^--1^ mode. Predicted out-of-plane modes at 36 and 116 cm^--1^ for \[Fe(OEP)(2-MeHIm)\] (bottom). Reprinted with permission from ref ([@ref134]). Copyright 2012 American Chemical Society.](cr-2017-00295e_0023){#fig23}

A summary of the observed doming mode frequencies is given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. A few generalizations can be made. The comparison of tetraaryl species with octaethyl derivatives shows that the OEP species are found at higher frequencies. The doming modes in low-spin species typically are found at higher frequencies compared to high-spin species and with mass differences of the axial ligand playing a secondary role. The doming mode in six-coordinate species may be found at slightly higher frequencies than for a related five-coordinate species.

###### Summary of Observed Doming Mode Frequencies

  complex                         doming mode[a](#t2fn1){ref-type="table-fn"}   spin state   ref
  ------------------------------- --------------------------------------------- ------------ -------------
  five coordinate                                                                            
  \[Fe(TPP)(2-MeHIm)\]            116                                           high spin    ([@ref134])
  \[Fe(OEP)(2-MeHIm)\]            139                                           high spin    ([@ref134])
  \[Fe(TPP)(2-MeIm^--^)\]^−^      127                                           high spin    ([@ref138])
  \[Fe(OEP)(2-MeIm^--^)\]^−^      125                                           high spin    ([@ref138])
  \[Fe(TPP)(NO)\]                 128                                           low spin     ([@ref94])
  \[Fe(OEP)(NO)\]                 158                                           low spin     ([@ref94])
  \[Fe(OEP)(CO)\]                 157                                           low spin     ([@ref79])
  \[Fe(OEP)(NO)\]^+^              151                                           low spin     ([@ref110])
  \[Fe(TPP)(CN)\]^−^              130                                           low spin     ([@ref127])
  \[Fe(TPP)(CN)\]^−^              108                                           high spin    ([@ref127])
  \[Fe(OEP)(Cl)\]                 142                                           high spin    ([@ref38])
  \[Fe(P)(Cl)\]                   90                                            high spin    ([@ref38])
  \[Fe(PPIX)(Cl)\]                135                                           high spin    ([@ref38])
  \[Fe(P)(Br)\]                   69                                            high spin    ([@ref38])
  six coordinate                                                                             
  \[Fe(TPP)(1-MeIm)(CO)\]         127                                           low spin     ([@ref67])
  \[Fe(TpFPP)(1-MeIm)(NO)\]       131                                           low spin     ([@ref109])
  \[Fe(OEP)(2-MeHIm)(NO)\]^+^     152                                           low spin     ([@ref110])
  \[Fe(TpivPP)(1-EtIm)(O~2~)\]    118                                           low spin     ([@ref122])
  \[Fe(TpivPP)(2-MeHIm)(O~2~)\]   104                                           low spin     ([@ref122])
  \[Fe(TpivPP)(1-MeIm)(O~2~)\]    119                                           low spin     ([@ref122])

Value in cm^--1^.

The large variety of histidyl (imidazole) ligated proteins with vastly differing functions immediately raise the question about the nature and possible fine tuning of the heme site. One of the most discussed of the possible effects is the effect of hydrogen bonding to the N--H group of the histidyl ligand. There are a range of hydrogen-bonding properties to the coordinated histidine. These range from weak hydrogen bonding in the O~2~-binding globins to the peroxidases where an aspartate reside can form a strong hydrogen bond. These differences lead to wide differences in observed ν(Fe--N~Im~) frequencies from ∼218--221 cm^--1^ in the globins to ≥240 cm^--1^ in the peroxidases. Since the limit of a strong hydrogen bond is to form an imidazolate ligand, we investigated this ligand in detail. A series of investigations shows differences in the electronic structure of imidazoles vs imidazolate-ligated iron(II) complexes. These results have been summarized in ref ([@ref137]). The differences in the molecular structure between imidazoles and imidazolates are shown in [Figure [24](#fig24){ref-type="fig"}](#fig24){ref-type="fig"}.

![Diagram illustrating the differences in the coordination group structure and the five-membered ring geometry between the five-coordinate imidazole and imidazolate species. Number to the left in each diagram is the average F--N~p~ distance, middle number is the iron displacement from the four nitrogen plane, and top number is the value of the axial bond distance. Distances and angles for the ligand ring are also displayed. Reproduced from ref ([@ref137]) with permission. Copyright 2015 Royal Society of Chemistry.](cr-2017-00295e_0024){#fig24}

Two pairs of complexes have been compared using NRVS: \[Fe(TPP)(2-MeHIm)\] and \[Fe-(TPP)(2-MeIm^--^)\]^−^ and \[Fe(OEP)(2-MeHIm)\] and \[Fe(OEP)(2-MeIm^--^)\]^−^.^[@ref138]^ In both pair sets, the difference in the vibrational frequencies are found to vary in the direction consistent with the structural differences. However, the magnitude of the changes are different between the two pairs and suggest the importance of differing mixing of the iron modes with the porphyrin modes that are the result of the differing peripheral substituents.

In the TPP pairs in-plane modes are found to decrease by ∼10--15 cm^--1^ compared to imidazoles, whereas the main out-of-plane mode (the ν(Fe--Im) mode with γ~6~ (inverse doming)) increases by ∼6 cm^--1^. The differences are qualitatively consistent with the increase of 0.036 Å in the average Fe--N~p~ bond distance and the decrease of 0.089 Å in the axial Fe--N(Im) bond distance in the imidazolates. In the OEP series, the in-plane mode frequency difference is larger for ν~53~ by ∼22 cm^--1^, whereas the out-of-plane difference is an increase of ∼30 cm^--1^. The differences in the axial Fe--N(Im) stretch are comparable to the differences between the globins and the peroxidases, consistent with at least a strong hydrogen bond to the imidazole. The experimental and predicted frequencies are summarized in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

###### Comparison of Calculated and Observed Normal Modes of the Imidazole and Imidazolate Derivatives[a](#t3fn1){ref-type="table-fn"}

  type   \[Fe(TPP)(2-MeHIm)\] obsd (calcd)   \[K(222)\]\[Fe(TPP)(2-MeIm^--^)\] obsd (calcd)   \[Fe(OEP)(2-MeHIm)\] obsd (calcd)                     \[K(222)\]\[Fe(OEP)(2-MeIm^--^)\] obsd (calcd)   description
  ------ ----------------------------------- ------------------------------------------------ ----------------------------------------------------- ------------------------------------------------ -----------------------
  ip     212, 221 (220, 212, 228, 222)       208 (207, 210, 212, 218)                                                                                                                                 
  ip     294(292, 295)                       277 (272, 274)                                   228 (220, 224, 230[b](#t3fn2){ref-type="table-fn"})   224 (216, 226)                                   ν~53~
  ip     408 (407, 411)                      394 (390, 392)                                   256, 291 (263, 288, 289)                              244, 266(sh) (250, 256, 260, 271)                ν~50~
  oop    216, 226 (197, 201, 203, 212)                                                                                                                                                                
  oop    248 (266)                           254 (260)                                        218, 230 (220, 230[b](#t3fn2){ref-type="table-fn"})   ∼260 (248, 256, 264)                             γ~6~ (inverse doming)
  oop    83, 116 (83, 87)                    58, 103, 127 (80, 85)                            72, 139 (116)                                         60, 115, 125 (103)                               γ~9~ (doming)
  ref    ([@ref134])                         ([@ref138])                                      ([@ref134])                                           ([@ref138])                                       

All frequencies are expressed in cm^--1^.

230 cm^--1^ mode has both ip and oop character.

Although the importance of the orientation of planar axial ligands on the electronic structure of iron porphyrinates has been recognized for some time,^[@ref139]−[@ref151]^ the possible effects of the orientation of planar ligands such as imidazoles on the in-plane iron vibrations had not been established. New NRVS measurements in three orthogonal directions have been made for \[Fe(OEP)(2-MeHIm)\].^[@ref152]^ This five-coordinate complex is found in a crystallographic system that allows such complete orientation studies. The measured spectra in the porphyrin plane in the directions parallel and perpendicular to the imidazole plane are shown in [Figure [25](#fig25){ref-type="fig"}](#fig25){ref-type="fig"} with prominent, but differing, peaks and intensities in the 220--270 cm^--1^ region. As is clearly evident from these spectra, the axial imidazole has removed the in-plane degeneracy in the *x* and *y* directions. This is reminiscent of the loss of in-plane degeneracy in the case of \[Fe(OEP)(NO)\] described earlier ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). Indeed the mirror plots show strong similarities. However, unlike the nitrosyl case, where the axial NO ligand orientation had a strong effect on the direction of the in-plane iron motion, the imidazole has only a very modest effect on the directions of the in-plane iron motion. We have compared predictions of the in-plane motions for four-coordinate \[Fe(OEP)\] with the analogous in-plane motions predicted for \[Fe(OEP)(2-MeHIm)\]. The in-plane iron motions of \[Fe(OEP)\] are directly along the Fe--N~p~ bonds, whereas in \[Fe(OEP)(2-MeHIm)\] there are small deviations from those directions that tend toward being parallel or perpendicular to the imidazole plane, suggesting modest effects from imidazole. The biggest effect of the imidazole is to lift the *x*, *y* degeneracy.

![Comparison of the measured Fe VDOS in \[Fe(OEP)(2-MeHIm)\] in the directions parallel (top) and perpendicular (bottom) to the imidazole plane. Adapted with permission from ref ([@ref152]). Copyright 2013 American Chemical Society.](cr-2017-00295e_0025){#fig25}

Predictions of in-plane iron directionality for the imidazolate complex on the other hand are quite distinct with motion primarily parallel or perpendicular to the imidazolate plane. Unfortunately, we were unable to confirm this experimentally owing to unfavorable crystalline symmetries. The series of the three complexes (\[Fe(OEP)(L)\], L = NO, imidazolate, and imidazole) for which we have explored iron motion directionality shows that the axial ligand effects on the direction of the in-plane iron motion follows the order NO \> imidazolate \> imidazole. This series follows the order of the importance of iron to ligand π-backbonding, with the smallest π-bonding in the imidazole complex.^[@ref153]^ The axial Fe--N bond distances in the three systems are 1.722,^[@ref97]^ 2.058,^[@ref154]^ and 2.147 Å,^[@ref155]^ respectively.

4.2. NRVS with Other Axial Ligands {#sec4.2}
----------------------------------

NRVS spectra have been recorded for two myoglobin derivatives: one derivative has an oxo ligand, formally Fe(IV)=O termed ferryl, and one with hydroxo, formally Fe(III)--OH.^[@ref156]^ This study was an effort to better understand the nature of the reactive monooxygenated heme species derived from cleavage of the dioxygen ligand bound to heme iron and whether the oxygen atom of the resulting ferryl species was protonated. The NRVS study provided the frequency of the axial Fe--O in the two species with a value of 805 cm^--1^ for the stretching vibration in the ferryl complex and 556 cm^--1^ for the hydroxide complex. DFT calculations suggest that the bond distance difference would be approximately 0.17 Å. These differences are inconsistent with a protonated ferryl species, and the ferryl should be simply Fe---O. The problems with the issues are the result of reduction of the ferryl in X-ray beam during data collection and the resulting structural change.

The second feature in the NRVS spectra consistent with the difference in protonation state comes from the observation of the tilt in the Fe--O bond relative to the porphyrin plane that is coupled to stretching of the in-plane Fe--N~p~ bonds. Protonation of the oxygen would lift the degeneracy of the vibration. The protonated Fe--OH group would lift the nominal degeneracy with the tilting in the Fe--OH plane predicted to have a higher frequency for the vibration relative to the Fe--O tilting perpendicular to the Fe--OH plane. A single vibration at 362 cm^--1^ is observed in the ferryl, whereas a 30 cm^--1^ splitting (343 and 376 cm^--1^) is observed for the hydroxide. This observation is again consistent with an unprotonated ferryl derivative.

These results and conclusions have since been corroborated by a dose-dependent X-ray diffraction study.^[@ref157]^ High X-ray doses in the structure determination of the peroxidase ferryl intermediate lead to apparent reduction and a Fe--O bond distance of 1.90 Å, consistent with a hydroxide ligand, whereas the low-dose X-ray study leads to a structure with an Fe--O bond distance of 1.73 Å, consistent with an Fe---O group. The apparent change in oxidation state during the X-ray studies was followed by single-crystal electronic spectra.

4.3. *c*-Type Cytochromes {#sec4.3}
-------------------------

The hemes in *c*-type cytochromes are covalently attached to the cysteine sulfurs of a characteristic CxxCH peptide motif whose cysteine residues form thioether links to the vinyl groups of the heme, whereas the terminal histidine of the CxxCH sequence provides one of two axial ligands to the heme Fe.^[@ref158],[@ref159]^ The unusual covalent attachment to the protein distorts the heme from planarity, resulting in an unusually asymmetric environment for the heme Fe.

The experimental VDOS presented in [Figure [26](#fig26){ref-type="fig"}](#fig26){ref-type="fig"} resulted from NRVS measurements on reduced horse cytochrome *c*([@ref160],[@ref161]) (cyt *c*), in which the second axial ligand is the sulfur atom of a methionine residue, and illustrates the complex vibrational dynamics of the heme Fe in this environment. Complementary Raman measurements on ^57^Fe- and ^54^Fe-enriched cyt *c* identified at least nine Raman-active bands that contribute to the highly congested 300--450 cm^--1^ region of the VDOS. Specifically, the frequency shift upon isotope labeling yields a quantitative estimatefor the area that mode α contributes to the VDOS. Together, Raman bands account for 70% of the VDOS in the 300--450 cm^--1^ region. Several additional unidentified Fe vibrations must be present to account for the remaining area and are not observable by Raman.

![Vibrational densities of states determined from NRVS measurements on oxidized and reduced cytochrome *c*. Upper panel compares the contributions expected from vibrations observed in Raman spectra, based on frequency shifts between ^54^Fe- and ^57^Fe-enriched samples according to [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. Solid black curve in the upper panel is the sum of contributions from individual Raman-active modes, indicated as dashed curves.^[@ref161]^](cr-2017-00295e_0026){#fig26}

NRVS results reported for a cyt *c* from the bacterium *H. thermophilus*([@ref162],[@ref163]) as well as for cyt *f*,^[@ref164]^ in which the amino terminus of the polypeptide provides the second axial ligand to the heme Fe, exhibit similarly complex spectra. Although isotope shift data were unavailable, comparison with Raman data led to the identification of 15 unresolved frequencies ranging from 284 to 445 cm^--1^ for cyt *f*.^[@ref164]^ A similar number of bands resulted from Gaussian deconvolution of the VDOS of *H. thermophilus* cyt *c*, unconstrained by Raman results.^[@ref162]^

The 5 cm^--1 57^Fe/^54^Fe isotope shift of the 372 cm^--1^ mode in horse cyt *c* indicates a large Fe contribution to the atomic motion (*e*~Fe~^2^ = 0.47). Leu et al. raised the possibility that this vibration might be associated with stretching of the Fe--S bond to methionine,^[@ref161]^ but calculations performed to model NRVS results on *H. thermophilus* cyt *c* suggest that the stretching of the axial Fe--S and Fe--N bonds is distributed among many modes in the 145--325 cm^--1^ range.^[@ref162]^

Alterations in the experimental signal confirm the sensitivity of the VDOS to structural changes as a function of oxidation state,^[@ref160],[@ref164]^ point mutations,^[@ref163]^ or species differences. Simulations can reproduce qualitative changes observed for cyt *c* mutants by varying the heme distortion and the force constants of the Fe--His link and the CxxCH peptide.^[@ref163]^ However, the spectral complexity renders it difficult to identify unambiguous markers for specific structural changes.

4.4. Model-Independent Extraction of Experimental Force Constants {#sec4.4}
-----------------------------------------------------------------

The data on *c*-type cytochromes illustrate a fundamental limitation of traditional approaches to vibrational spectroscopy for characterizing highly asymmetric metal environments. The large number of vibrations contributing to the vibrational dynamics of the Fe atom indicates that it is not always possible to establish a one-to-one correspondence between Fe--ligand bonds and vibrational markers that directly measure the strength of those bonds. In fact, NRVS lacks the frequency resolution to experimentally resolve all of the contributing vibrations. Even when the majority of vibrational modes with Fe--ligand character are resolved using Raman measurements, it is not straightforward to use this set of frequencies to characterize Fe coordination.

The unusually quantitative information content of NRVS data provide a direct experimental means to characterize the strength of the coordination sphere even when it is not possible to associate individual modes with Fe--ligand vibrations. Lipkin^[@ref24]^ identified an effective force constantdetermined by averaging the quantity *m*~*j*~ω^2^ over frequency, weighted by the VDOS of atom *j*. We dubbed this quantity the *stiffness*([@ref161]) and showed that, for a harmonic system, *k*~*s*~ quantifies the force *F* = *k*~*s*~*x*~*j*~ required to displace atom *j with other atoms fixed at their equilibrium positions*.^[@ref166]^ As an alternative to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the stiffness can also be determined directly from the raw data, without extracting the VDOS.^[@ref24]^

Stiffnesses reported for iron porphyrinates and heme proteins illustrate its ability to measure Fe coordination ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The largest changes reflect the strong correlation of bond strength with spin state, with stiffnesses in the 170--200 and 280--370 pN/pm ranges reported for high-spin and low-spin hemes, respectively. This trend is expected because of the stronger coordination and shorter Fe--ligand bonds observed for low-spin complexes. The stiffness may be able to gauge more subtle coordination changes as well. For example, reduction of cyt *c* increases the stiffness by approximately 40 pN/pm, which is consistent with a 4 pm shortening of the axial Fe--S bond.^[@ref161]^

###### Summary of Stiffness of Heme Fe in Various Environments

                               stiffness (pN/pm)   spin   oxidation   axial ligands   ref
  ---------------------------- ------------------- ------ ----------- --------------- --------------------------
  cyt *c*                      322 ± 17            0      +2          His, Met        ([@ref161])
  cyt *c*                      284 ± 17            1/2    +3          His, Met        ([@ref161])
  cyt *f*                      342 ± 18            0      +2          His, N-term     ([@ref164])
  cyt *f*                      313 ± 34            1/2    +3          His, N-term     ([@ref164])
  MbNO                         368 ± 10            1/2    +2          His, NO         ([@ref105])
  Zn(II)--Fe~*B*~MbNO          321 ± 21            1/2    +2          NO              ([@ref165])
  MbO~2~                       371 ± 9             0      +2          His, O~2~       ([@ref123])
  Ag(I)--Cu~*B*~MbO~2~         373 ± 13            0      +2          His, O~2~       ([@ref123])
                                                                                       
  deoxyMb                      190 ± 20            2      +2          His             ([@ref160]), ([@ref161])
  Fe(II)--Fe~*B*~Mb            182 ± 9             2      +2          His             ([@ref165])
  metMb                        235 ± 4             5/2    +2          His, H~2~O      ([@ref123])
  \[Fe(P)(Cl)\]                192 ± 2             5/2    +3          Cl^--^          ([@ref38])
  \[Fe(OEP)(Cl)\]              196 ± 6             5/2    +3          Cl^--^          ([@ref38])
  \[Fe(PPIX)(Cl)\]             197 ± 4             5/2    +3          Cl^--^          ([@ref38])
  \[Fe(TPP)(2-MeHIm)\]         188 ± 1             2      +2          2-MeHIm         ([@ref138])
  \[Fe(TPP)(2-MeIm^--^)\]^−^   171 ± 5             2      +2          2-MeIm^--^      ([@ref138])

It is equally important to note the relative insensitivity of the stiffness to structural changes more distant from the Fe. Although the VDOS of a series of ferric porphyrin chloride complexes with differing peripheral substituents as well as a series of five-coordinate {FeNO}^7^ complexes^[@ref94]^ exhibit very noticeable qualitative variations, the stiffnesses show no significant quantitative difference.^[@ref38]^ Similarly, the stiffnesses reported for imidazole-ligated ferrous iron porphyrins and histidine-ligated ferrous heme proteins fall within a 10 pN/pm range that is narrower than the experimental uncertainties. On the other hand, a stiffness decrease of nearly 20 pN/pm upon imidazole deprotonation is consistent with significant but anticorrelated changes reported for both axial and equatorial Fe--N bond lengths.^[@ref138]^

The *resilience*has the same dimensions as the stiffness but an entirely distinct interpretation. For a harmonic system, the resilience *k*~r~ quantifies the force *F* = *k*~r~*x*~*j*~ required to displace an atom by a distance *x*~*j*~*with the surrounding atoms free to respond but the center of mass fixed*.^[@ref166]^ The integrands of the integrals in [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}, displayed in [Figure [27](#fig27){ref-type="fig"}](#fig27){ref-type="fig"}, highlight the distinct frequency regions that determine the stiffness and resilience. For heme proteins, the stiffness depends primarily on frequencies above 200 cm^--1^, where we expect to find localized Fe--ligand vibrations. In contrast, frequencies well below 100 cm^--1^ dominate the integrand of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.

![Plots of integrands in [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"} illustrate the relative importance of high- and low-frequency regions to determining the stiffness and resilience, respectively.](cr-2017-00295e_0027){#fig27}

Vibrations in this low-frequency region have a character distinct from the localized Fe--ligand vibrations that determine the stiffness. For proteins, MD simulations indicate a significant contribution from rigid motion of the heme in response to oscillations of the surrounding protein.^[@ref160]^ Although there is no realistic opportunity to resolve the large number of contributing vibrations experimentally, the value of identifying individual modes in this region is questionable in any case. However, the resilience offers an averaged quantitative measure that may be a useful way to quantify the matrix in which the heme is embedded. In the language of inorganic chemistry, the resilience may be thought of as an "outer-sphere" force constant, in contrast with the "inner-sphere" force constant provided by the stiffness.

The resilience has been reported for only a few heme proteins. Values of approximately 20 pN/pm were determined both for native deoxyMb and for Fe~*B*~Mb, a mutant with a second nonheme metal site engineered near the heme to mimic the active site of NO reductase.^[@ref160],[@ref165]^ It is noteworthy that the resiliences determined for the neighboring heme and nonheme Fe sites are experimentally indistinguishable,^[@ref165]^ consistent with the notion that *k*~r~ quantifies a property of the common matrix in which the two sites are embedded. In contrast, the resilience determined for both oxidized and reduced cyt *c* is approximately 50% larger than for Mb.^[@ref160]^ A more rigid protein structure and the high degree of covalent linkage to the polypeptide are both factors that may contribute to the enhanced cyt *c* resilience.

Accurate experimental determinations of both stiffness and resilience require some care in data analysis. In particular, accurate subtraction of any frequency-independent background signal is essential to reduce systematic errors in determination of the stiffness. The experimental uncertainties reported in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} reflect only random errors due to experimental counting statistics. On the other hand, the resilience is sensitive to anomalies at very low frequency that result from careless subtraction of the recoilless resonance that dominates the experimental signal. Such errors can be minimized when a reliable measurement of the experimental resolution function is available.

In principle, both stiffness and resilience are tensor quantities, with values that vary with molecular orientation. To our knowledge, the only investigation where this has been taken advantage of involved measurements of oriented crystals of \[Fe(TPP)(2-MeHim)\].^[@ref94]^ In this case, the stiffness value 209 ± 6 determined from measurements parallel to the porphyrin plane was significantly larger than the 153 ± 9 value determined perpendicular to the plane.^[@ref138]^ Notice that these values appropriately bracket the value determined for a polycrystalline powder ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}).

4.5. Nonvibrational Contributions to Fe Dynamics {#sec4.5}
------------------------------------------------

The low-frequency vibrations that determine the resilience also dominate the spontaneous thermal fluctuations of the Fe on sufficiently fast time scales or at sufficiently low temperatures. The solid line in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"} indicates the vibrational contribution to the mean-squared-displacement (MSD) ⟨*x*~Fe~^2^⟩ of the Fe in oxidized cyt *c* as a function of temperature, as calculated from the VDOS determined from NRVS measurements at 68 K. The original definition of the resilience in terms of the temperature dependence of the MSD^[@ref160],[@ref175]^ emphasizes this connection.

![Comparison of effective MSDs obtained from Mössbauer measurements with the pure vibrational MSDs calculated from NRVS measurements on oxidized cyt *c*.](cr-2017-00295e_0028){#fig28}

Other experimental methods for probing atomic fluctuations include elastic scattering and conventional Mössbauer spectroscopy. Quantitative comparison with the vibrational MSD determined using NRVS holds interest because of the differing time scales of the various measurements. Data points in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"} are "effective" MSD valuesthat were determined from integrated spectral areas *A* observed in Mössbauer measurements on a bacterial cyt *c*.^[@ref174]^ Here, *k* = 2π/λ (λ = 0.86 Å for ^57^Fe). [Equation [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} yields the actual MSD ⟨*x*~Fe~^2^⟩ under the assumption of an isotropic, Gaussian distribution of atomic positions, as expected for harmonic vibrations. The nearly linear variation of the effective MSDs with temperature below 200 K has been interpreted as evidence for purely vibrational contributions, and the arbitrary constant in [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} is adjusted so that the effective MSDs extrapolate to zero at *T* = 0. The fact that the effective MSDs track the vibrational predictions from NRVS measurements below 200 K confirms this interpretation. Moreover, this comparison establishes a quantitative baseline for identifying contributions from additional dynamical processes.

Substantial deviations from the harmonic extrapolation to higher temperatures, as illustrated in [Figure [28](#fig28){ref-type="fig"}](#fig28){ref-type="fig"}, have been attributed to additional dynamics resulting from conformational fluctuations of the protein.^[@ref174]^ The measurements include contributions from all atomic motions faster than the 150 ns lifetime of the ^57^Fe excited state. It is important to note that these additional motions do not lead to a distribution of atomic positions that is either Gaussian or isotropic in general, and thus, the experimental quantity δ^2^ defined by [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} is no longer a quantitative measure of the actual MSD of these motions.

The "dynamical transition" near 200 K was originally identified in Mössbauer measurements on myoglobin.^[@ref176],[@ref177]^ A subsequent report of a similar transition using (elastic) neutron scattering^[@ref178]^ opened an investigation to a wider range of biomolecules, including nucleic acids^[@ref181]^ as well as both soluble and membrane proteins. The nature of the additional dynamics at higher temperature remains the subject of ongoing investigation and discussion, although there is general agreement that they are activated by fluctuations in the surrounding solvent.^[@ref179],[@ref180],[@ref182]^

In light of the great attention that these dynamics measurements have received in complex biomolecules, it is somewhat surprising how little they have been applied to understand simpler dynamical processes in smaller molecules. Some time ago we observed that the Mössbauer spectrum of the five-coordinate nitrosyl derivative \[Fe(TPP)(NO)\] unexpectedly showed a much larger temperature dependence on the signal intensity than was usually observed, with very low intensity at room temperature and below. This was confirmed by comparison with the temperature dependence of another five-coordinate nitrosyl \[Fe(OEP)(NO)\]. We hypothesized that this intensity effect in \[Fe(TPP)(NO)\] was the result of a profound crystalline disorder that is likely to be a dynamical process. Further study of \[Fe(TPP)(NO)\] led to additional interesting observations. We found through temperature-dependent X-ray diffraction studies that the complex underwent an important phase change that substantially decreases or eliminates the FeNO group disorder. In the high-temperature phase, the FeNO group has eight distinct orientations (4/*m* symmetry),^[@ref167]^ whereas after the phase change there only two (*C*~*i*~ symmetry)^[@ref168]^ and no movement of the FeNO group is likely in the low-temperature phase. The phase change was found to be gradual and occur between ∼200 and 245 K. Similar motions and an order/disorder phase change have also been observed in a five-coordinate cobalt nitrosyl species.^[@ref169]−[@ref171]^ Observations on the temperature-dependent ordering of the FeNO group in several six-coordinate species makes clear that the order/disorder of the nitrosyl group must involve rotation around the Fe--N--O bond.^[@ref172],[@ref173]^

How can the FeNO disorder (rotation) affect the apparent mean-squared-displacement of iron? Since a standard feature of the Fe--N--O group in hemes is an off-axis tilt as well as a consequent asymmetry in the equatorial Fe--N bonds,^[@ref97],[@ref98]^ the 4-fold disorder of the FeNO group on each side of the porphyrin plane leads to a shift from the average position of the iron with every Fe--N--O rotational jump. This yields a "smearing" of the iron atom position and a larger value of the effective MSD.

However, NRVS measurements provide a way to predict the mean-squared displacement of iron in \[Fe(TPP)(NO)\] in the absence of this high-temperature disorder and thus provide at least a qualitative explanation into the temperature-dependent Mössbauer signal.

A plot comparing the temperature-dependent effective iron MSDs from the NRVS and Mössbauer experiments for \[Fe(TPP)(NO)\] is shown in [Figure [29](#fig29){ref-type="fig"}](#fig29){ref-type="fig"}. The effective iron MSDs between the two measurements for \[Fe(TPP)(NO)\] only begin to deviate above ∼200 K with the differences becoming larger with increasing temperatures. We believe that the additional contribution to δ^2^ in the Mössbauer experiment is related to the reversible phase change for \[Fe(TPP)(NO)\] and the concomitant order/disorder of the FeNO group.

![Comparison of the predicted MSDs obtained from the powder NRVS spectrum and the effective MSDs obtained obtained from temperature-dependent Mössbauer measurements for \[Fe(TPP)(NO)\].](cr-2017-00295e_0029){#fig29}

The effective iron MSD values for \[Fe(OEP)(NO)\] from the Mössbauer and NRVS experiments are seen to be comparable over the entire temperature range and show that the two measurements have a close correspondence over the complete temperature range, in distinct contrast to that seen for \[Fe(TPP)(NO)\]. Two separate sets of effective MSDs from independent Mössbauer measurements are shown in [Figure [30](#fig30){ref-type="fig"}](#fig30){ref-type="fig"}. We can conclude that the values of δ^2^ determined from both sets of measurements represent essentially only vibrational contributions from iron, and the basis for such comparisons is secure.

![Comparison of the predicted MSDs obtained from the powder NRVS spectrum and the effective MSDs obtained from a temperature-dependent Mössbauer measurement for Fe(OEP)(NO).](cr-2017-00295e_0030){#fig30}

Although the differences in the effective MSD values of \[Fe(TPP)(NO)\] require further investigation to yield a quantitative explanation, the importance of the effects of the FeNO disorder on the Mössbauer intensities is quite clear.

5. Summary and Outlook {#sec5}
======================

The NRVS technique provides unique site selectivity and vibrational spectral completeness for Mössbauer-active nuclei. For iron-containing samples, every vibrational mode contributes to the experimental signal in direct proportion to the mean-squared displacement of the ^57^Fe atom in which iron motion is present. We detail how and why this is important in the succeeding paragraphs.

Perhaps the most consequential feature of NRVS is that there are no arbitrary optical selection rules. This means that important vibrations forbidden or otherwise not seen by other methods will be observed by NRVS. One outstanding example is that of the Fe--Im stretch in six-coordinate species with various diatomic XO ligands trans to imidazole that allowed further quantitative understanding of the effect of the XO ligand on the Fe--N(Im) bond. Although the strength of this interaction is a significant feature that in principle provides unique information for understanding the mechanism and bonding, the Fe--N(Im) frequency is unavailable from Raman or IR experiments on six-coordinate hemes.

NRVS provides for convenient exploration of the low-frequency modes including the doming mode, i.e., the perpendicular motion of iron out-of-plane with porphyrin ring atom motions in the opposite direction. Such motions are significant for understanding the nature of axial ligand association/dissociation and possible ligand sensing.

In favorable cases, NRVS measurements on oriented single-crystal samples give unequivocal information about the character of each observed signal. The combination of oriented single-crystal NRVS measurements coupled with DFT-predicted frequencies provides the most definitive assignment of modes possible. The combination also provides for a powerful examination of mode localization. An important example was given in the characterization of the highest frequency mode observed in the six-coordinate {FeNO}^7^ nitrosyls that differs significantly from the conventional description given in Raman studies and is quite different from that arising from the ^14^NO/^15^NO isotope-labeled study. The NRVS-defined atom motions were found to be quite different from that of a classical Fe--N(NO) stretch as inferred by some from Raman spectra.

It is important to note the power of oriented single-crystal measurements relative to that of isotopic substitution of, for example, an axial ligand. This results because the single-crystal measurement provides information on the nature of the mode and possible assignment over the entire range of iron-based frequencies, whereas isotopic substitution provides useful (and occasionally misleading) information over a limited set of vibrations.

The selectivity of NRVS that stems from a Mössbauer-active nucleus allows the specific labeling of one site in a system with multiple sites to allow exploration of the importance of individual sites in a complex system.

Finally, and fundamentally, the strength of the NRVS technique results from its uniquely quantitative nature. The experimental NRVS signal for each resolved frequency yields an absolute measure of the mean-squared displacement of the probe atom (here, ^57^Fe) along the direction of the X-ray beam for the corresponding vibrational mode.

The utility of NRVS has already led to substantial oversubscription for time available for experimental measurements. However, there are currently planned upgrades for the APS, ESRF, and PETRA III lines. The exact improvements to be made are not completely certain but are expected to include better focusing, enhanced beam intensities, and detector enhancements. These will certainly allow measurements for samples with lower concentrations of iron, including importantly more protein samples, less measurement time per sample, and increased throughput. More speculatively, advanced microfocusing could permit closer study of select regions of samples, perhaps even cells. More sophisticated single-crystal experiments, including perhaps proteins, would be possible. These expected improvements might even provide the means for examining enzymatic systems during reaction cycles or other reactive species. Exciting times are ahead!
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:   4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo\[8.8.8\]hexacosane

Cp

:   cyclopentadienyl

DFT

:   density functional theory

EPR

:   electron paramagnetic resonance

FTIR

:   Fourier transform infrared spectroscopy

1,2-DiMeIm

:   1,2-dimethylimidazole

DPIX DME

:   dianion of deuteroporphyrin IX dimethyl ester

1-EtIm

:   1-ethylimidazole

1-MeIm

:   1-methylimidazole

HOMO

:   highest occupied molecular orbital

ImT3MP

:   dianion of imidazole-tailed-trimesitylporphyrin

L

:   general ligand

2-MeHIm

:   2-methylimidazole

4-MeHIm

:   4-methylimidazole

N~ax~

:   nitrogen of axial ligands

N~Im~

:   imidazole nitrogen

N~p~

:   porphyrinato nitrogen

NMR

:   nuclear magnetic resonance

NRVS

:   nuclear resonance vibrational spectroscopy

OEP

:   dianion of 2,3,7,8,12,13,17,18-octaethylporphyrin

OEPOH

:   dianion of octaethyl-meso-hydroxyporphyrin

QCC-NCA

:   quantum chemistry at the center of the conventional coordinate analysis.

1-PhIm

:   1-phenylimidazole

Porph

:   generalized porphyrin dianion

PPIX

:   dianion of protoporphyrin IX

PPIX DME

:   dianion of protoporphyrin IX dimethyl ester

Py

:   pyridine

R-Im and/or Im

:   generalized imidazole

rR

:   resonance Raman

THF

:   tetrahydrofuran

T*p*FPP

:   dianion of tetra-*p*-fluorophenylporphyrin

TMP

:   *meso*-tetramesitylporphyrin dianion

TpivPP

:   dianion of α,α,α,α-tetrakis(*o*-pivalamidophenyl)porphyrin (picket fence)

T*p*OCH~3~PP

:   dianion of tetra(*p*-methoxyphenyl)porphyrin

TPP

:   dianion of *meso*-tetraphenylporphyrin

TTP

:   dianion of *meso*-tetratolylporphyrin

VDOS

:   vibrational density of states
